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Abstract 
Intertidal mudflats can experience rapid morphological changes, and are both sources 
and sinks of fine cohesive sediment within an estuary. Successful environmental management of 
these regions depends upon in-situ measurements, which help specify the interactions between 
the active processes and so allow the development of predictive models that the management 
practices require. 
The Profiles of Sediment Transport system (POST) has been developed in order to make 
high fi-equency measurements of velocity and suspended sediment concentration profiles in very 
shallow water (i.e. when depth, h < \ .Q m). Electromagnetic current meters and optical sensors 
were miniaturised to allow measurements within a few centimetres of the sea bed and provide 
fine scale resolution of vertical profiles. Two in-situ experiments, located in the Severn and 
Humber estuaries, examined the response of a mudflat to changing environmental factors, and in 
particular, studied the influence of local waves and tidal currents in very shallow water of depth 
(//)< 1.0 m. 
A value of 0.127 Nm'^ was considered to be representative of the critical erosion shear 
stress (Tint) at Portishead, while at Skeftling rait was estimated to be about 0.31 Nm'"^ . The 
effects of wave and current action were quantified and expressions were used to describe the 
relationships between velocity, bed shear stress and concentration. An expression relating near 
bed concentration to mean velocity {i f ) at Skeftling was simply: 
Concentration (gL"') = 1.908 (/ + 0.193 when h<\.Q m. = 0.730 
The physical processes causing erosion and deposition across two mudflats have been 
identified, and the predictive expressions are considered to provide first order approximations for 
sediment concentrations and transport behaviour, for similar conditions at other North European 
sites. The results showed that the shallow water periods at the beginning and end of tidal 
coverage were extremely important in determining the surface character of the mudflat, and any 
erosion was most marked at these times. Small waves can be crucial to erosion because of their 
large contribution to the bed shear stresses in shallow water. Ignoring biological and chemical 
variables (both of which can control of erosion), it is proposed that for typical temperate 
environmental conditions, some form of mudflat erosion is likely when h< 1.0 m, and either the 
significant wave height (M) is greater than 0.25 m, or the near bed velocities exceed 0.2 ms"V 
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Chapter One: 
Introduction 
The use of estuaries for a range of human aaivities requires understanding of the 
processes acting in the intertidal areas. Sediment movements within an estuary can create 
physical, economic and ecological problems that require careful consideration. Practical 
problems involving muds include the management of shoreline retreat, dredging of waterways, 
and the related issues of water quality and pollution (Perillo and Lavelle, 1989). Progress in 
understanding the influence of cohesive sediments (or muds) upon these issues, depends on the 
accurate description of a variety of processes, which include deposition, consolidation, 
fluidization, entrainment and erosion. Figure 1.1 shows the connections between these sediment 
transport processes, which are interlinked by complex fluctuating relationships involving 
hysteresis and feedback. These relationships need to be understood and quantified to enable a 
complete evaluation of the behaviour of estuarine muds. 
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Figure 1.1 The fundamental processes driving sediment dynamics over estuarine mudflats. 
(from KJrt)y. 1988) 
Considerable effort has been made during the last few years to improve our knowledge of 
estuarine sediment dynamics, and in particular, to understand clearly the role of the intertidal 
regions. Despite this research we are only gradually becoming confident in our predictive 
capabilities to calculate, for example, siltation rates of a recently dredged harbour, or the 
concentration field from a new eftluent outfall (Dyer, 1989). 
1.1 State of the art 
Estuarine iniertidaJ regions are important sources and sinks for fine cohesive sediment 
and are panicularly susceptible to changes in local wave and current regimes. As a result, both 
the suspended sediment concentration and the mudflat morphology fluauate over a variety of 
timescales, ranging fi"om a few seconds due to turbulence and waves, to longer term seasonal 
cycles (Dyer, 1988). The influence of episodic events such as storms can be large, with even 
small waves able to cause significant mudflal erosion. The eroded material can be transported in 
suspension by tidal currents, and may temporally form part of the turbidity maximum, only to be 
deposited elsewhere. Temporal and spatial variations in cohesive sediment are governed by the 
local hydrodynamics, as well as the biology and chemistry of the local system. It is considered 
that deposition and erosion rates across intertidal areas are altered by biological and chemical 
processes, with micro- and macro-organisms changing erosion rates by altering the flow field 
above the sediment and stabilising or destabilising the sediment surface (Paterson, 1994). 
Solutions to the practical problems involving muds often include a model of the sediment 
dynamics, in which the driving physical processes need to be defined and rates of erosion and 
deposition calculated. Sills (1994) pointed out that the accuracy of a complete system model 
depends on thorough understanding of the underlying processes, and such models can be 
improved by a better mathematical representation of these processes. The three processes of 
erosion, deposition, and consolidation are ftmdamental to cohesive sediment dynamics and the 
complex inter-relationships between them are not easily modelled. 
Accurate descriptions of sediment transport processes and quantification of the transport 
rates are required. These depend upon knowledge of the sediment response to hydrodynamic 
forcing, but such descriptions are limited by poor understanding of the physical interactions 
between the sediment and the flow. These interactions are complicated by the heterogeneous, 
physico-chemical characteristics of natural muds. Such sediment consists of a mixture of both 
discrete and aggregated particles, consisting of a range of mineralogies and settling velocities. 
Estuarine muds also contain various quantities of detrital material of biogenic origin, as well as 
the products of the epi- and infauna. Mehta (1989) stated that although fiandamental physical 
principles govern the movement of a sediment, site specific variations were also important. 
Progress in quantifying the transport processes that occur across a mudflat depends upon 
good quality in-situ "field" measurements, in order to help validate models and improve existing 
empirical relationships. Dyer (1989) states that considerable advances can probably be made by 
wider comparative in-situ studies. The interactions between the sea bed and combinations of 
waves and currents in shallow water {h < 1.0 m) are particularly important but not well 
understood. Anderson et ciL (1981) noted high concentrations' are often found in the shallow 
edge of the water which flows over a mudflat. The passage of this zone across the intertidal 
area, together with settling over slack water, can potentially deposit large quantities of 
suspended sediment on the upper mudflat. Conversely, surface waves can cause significant 
erosion as the shallow water's edge moves across a mudflat. The waves involved in this process 
maybe very small and despite this, can act in only a few centimetres of water (Dyer, 1989). 
However, there are few field measurements of the physical processes that occur in shallow 
water, due to both the difficulty of working in these locations and unsuitable instrumentation. 
Parker (1986) and Dyer (1989) both noted that measurements of near bed processes in high 
concentrations have been particularly difficult to obtain. UsefijI laboratory and theoretical 
studies have examined the fijndamental processes, but there are difficulties in applying the results 
fi-om such case specific studies to the natural environment. Field measurements are required to 
quantify the in-situ relationships controlling the local suspended sediment transport. 
1.2 Study objectives 
It appears that shallow water erosion of intertidal mud is usually dominated by wave 
processes during the immersion and emmersion of the mudflat by tidal movements. However, 
there are no comprehensive in-shit measurements of water column and sea bed processes that 
define the contribution of waves and tidal currents to mudflat erosion at this time. This soidy 
aimed to quantify sediment transport processes and the associated changes in the mudflat 
morphology by examining the physical processes in the water column and relating their influence 
to the sea bed. 
An important part of the study was simply to measure in-situ the shallow water sediment 
transport processes (i.e. when depth h < 1.0 m), an area where previous work has been limited 
by a lack of suitable instrumentation. Thus, at the start of the project, new miniaturised 
electromagnetic flowmeters and compact optical turbidity sensors had to be developed in order 
to obtain measurements of velocity profiles, turbulence characteristics, and near bed suspended 
sediment concentrations. The Energy Technology Support Unit (ETSU) granted a contract to 
the University of Plymouth to design and build this new instrumentation which was to be used in 
subsequent field experiments. 
Different mudflat sites were to be studied in order to identify how bed erosion 
characteristics, short term hydrodynamic fluctuations, longer term episodic events and the spring 
neap tidal cycle related to sediment bed level changes. Time series measurements of velocity and 
concentration allowed the sediment fluxes to be related to near bed processes, and the dominant 
' The tenn conceiilralion refers lo Ihc siispciulcd stxlmiciil coiiccnlralion (gL*') luiless slated olhen\ise. 
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hydrodynamic processes causing erosion in very shallow water were then identified. 
Relationships between the sediment fluxes and flow conditions were detennined from two in-situ 
experiments within the GSM MAST 2 and LISP UK programmes respectively. This 
parameterisation of mudflat erosion, as a function of the sediment and wave / current 
interactions, would assist the development of predictive sediment transport models. 
Specific objectives of this study were: 
i) The development of a suite of miniaturised instruments able to make high ft-equency 
measurements (to within a few centimetres of the sea bed) of the velocity and 
concentration profiles found in the shallow waters of the intertidal zone. 
ii) To obtain hi-sittt, time series measurements of velocity and concentration, from a 
number of consecutive tidal cycles, at two contrasting estuarine mudflat locations. 
Hi) To quantify both the shallow water sediment fluxes and the bed shear stresses due to 
curtents, waves and the combination of waves and currents, and thus compare the 
relative contribution of waves and currents to the shallow water sediment transport 
processes at each location. 
iv) At each location, to obtain an estimate for the critical shear strength of the sediment 
and compare this value with data ft-om ///-.v/7// shear strength measurements. 
v) To produce simple site specific expressions relating near bed concentrations to local 
hydrodynamic parameters. 
vi) To improve our understanding of the interactions between the shallow waters edge 
and the mudflat, with particular emphasis on the tidal movements of the flood period, 
and develop a conceptual model of the sediment dynamics of these intertidal areas. 
1.2.1 TheGSiM M A S T 2 programme 
Project 4 of the GSM MArine Science and Technology (MAST 2) programme (a direct 
continuation of MAST 1) aimed to improve understanding of the physical processes related to 
cohesive sediment. Research in the GSM programme was carried out through a combination of 
field measurements, laboratory experiments, and theoretical and numerical developments in order 
to produce algorithms of the physical processes, and so improve the mathematical modelling of 
sediment transport. This thesis contributed to one topic that focused on shallow water processes 
in the water column and on the resulting changes to the sea bed. The processes examined 
included the effects of wave action and liquefaction, and the wave/current interactions that 
caused erosion. A collaborative field experiment was carried out at Portishead in the Severn 
estuar>' during June 1994, involving Ifremer (Brest), H.R. Wallingford, Oxford University and 
the University of Plymouth. The objectives were to quantify the suspended sediment transport 
across the mudflat in tenns of the local waves and currents. However biological or chemical 
4 
considerations were not specifically included in this approach, but are nonetheless potentially 
important. 
1.2.2 The L I S P UK project 
In 1991, a group of scientists organised a major interdisciplinary experiment called the 
Littoral Investigation of Sediment Properties (LISP), to measure the sediment dynamics of an 
intertidal area in the Bay of Fundy. This experiment was somewhat limited, as the intertidal was 
mainly fine sand, rather than mud, and the dominant biological control was due to birds feeding 
on the invertebrate fauna. The LISP UK project was designed to build on the experience gained 
fi-om the Canadian study of 1991. LISP UK was funded by the UK Natural Environmental 
Research Council. The objectives were to assess the relative importance of hydrodynamic, 
sedimentary, biological and atmospheric processes in determining the shear strength, erosion 
rate, and critical erosion shear stress of cohesive sediments in-situ. The three year project started 
late in 1994 and centred around a large collaborative field experiment in the Humber estuary 
during April 1995, involving 14 UK research groups and a major Canadian contribution. This 
thesis describes results obtained during this two week study of the Skeffling mudflats of the 
Spurn Bight. 
1.3 Thesis structure 
Chapter 1 provides an overview of the background of the project, outlining the 
limitations in present knowledge and the specific study objectives. A brief summary of theory 
relevant to the data interpretation is provided in chapter 2. New instrumentation was required to 
make the in-situ field measurements, and the development of this equipment is described in 
chapter 3. Chapter 4 describes the methods used to obtain and process the raw data, and gives a 
brief overview of the two contrasting study sites in the Severn and Humber estuaries. Chapters 
5 and 6 summarise the two data sets, and include site specific descriptions and figures describing 
the data ft-om the two mudflat environments. Chapter 7 provides a more detailed discussion of 
the data that compares and contrasts the results with other studies. Some simple relationships 
are quantified in chapter 7 and a conceptual model is introduced which describes some of the 
generic features within the data sets. The results are summarised by the conclusions in chapter 8. 
Recommendations for fijture work are also given. 
Chapter Two: 
Theoretical considerations 
A short overview of wave and current theory applicable to the intertidal zone is given in 
section 2.1 and the main physical processes eflfecting estuarine cohesive sediments are 
summarised by section 2.2. Both sections emphasise the principles used later on in the data 
processing calculations. This chapter is not intended to provide a comprehensive review of past 
work, and the reader is referred below to literature that provides more complete theoretical 
descriptions. 
Comprehensive reviews of wave and current theory are provided by Madsen (1976) and 
Komar (1976) respectively, and also by Soulsby (1983), and Dyer (1986). Reviews of cohesive 
sediment behaviour and governing processes are given by Dyer (1986), Delo (1988), and 
Teisson et cd. (1993). An extremely detailed review of the erosion of cohesive sediments in 
shallow water, that includes physical, biological and chemical considerations, is provided by 
Black (1992). 
2.1 Intertidal zone hydrodynamics 
Any attempt to measure the movement of marine sediment must investigate the flow 
dynamics. Turbulence, associated with waves and currents, produces shear stresses which act 
within the boundary layer and can cause erosion of the bed. The resulting suspended sediment 
may then be transported by residual currents and tidal flows 
Boundary layer theory is most simply formulated for conditions of laminar flow. 
However almost all natural flow conditions are turbulent. Laminar or turbulent flow conditions 
can be defined by the ratio between the forces that produce turbulence, and the viscous forces 
that damp these disturbances. This ratio is the dimensionless Reynolds Number. Turbulence can 
be regarded as a complex secondary movement superimposed upon the primary motion of 
translation, i.e. as an instantaneous velocity // equal to the sum of the mean velocity J? plus a 
fluctuating component //'. Thus in the x direction: 
// = /T + //' (2.1.1) 
Turbulence can be represented in terms of an eddy viscosity which determines the shape of the 
velocity profile, and the consequent shear stresses are much greater than those produced by 
laminar flow. 
2.1.1 Turbulent flow conditions 
The simplest condition is for a unidirectional flow moving past a solid mud bed. (There 
are additional complications for oscillatory flows and fluid beds which are described later). Close 
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10 the bed, friclional drag slows the flow and applies a longiiudinaJ shear stress to the sediment 
surface. This part of the flow is called the boundary layer, as sketched in figure 2.1. h is this 
frictionaJ shear force that causes erosion. The water in contact with the bed is stationary, and the 
flow velocity increases rapidly from the bed upwards. The rate of increase diminishes as the 
velocity u nears that of the free stream velocity (defining a boundary layer thickness, 6u). The 
turbulent energy and shear stresses decay from maximum values at the bed, to zero al the outer 
edge of their respective boundary layers (i.e. 5E and 67). It is not necessarily the case that 61 j = 
5E = 5T. It is physically realistic to define the boundary layer as being the region in which the 
turbulent energy and shear stress are non-zero (Soulsby, 1983). However, it is easier to measure 
5u The boundary layer in unidirectional flow can be divided into the three regions, shown in 
figure 2.1, called the bed, logarithmic and outer layers. 
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Figure 2.1 Sketches of the subdivisions of the boundary layer (the layers are not to scale). 
Where (a) is for a boundary layer occupying the whole water depth (/?) 
and (b) for water deeper than boundary layer thickness (Soulsby, 1983). 
In the special case of smooth flow conditions, where the bed roughness elements are 
very small, there is a very thin bed layer close to the sediment surface where the rate of change of 
velocity with height can be considered constant (i.e. the constant stress layer). In this case, the 
bed is sufficiently smooth that molecular viscosity effects dominate and a viscous sub layer is 
fonmed. The thickness of this layer varies with current speed, and when the median grain size 
( D 5 0 ) is less than one-third of the viscous sub layer thickness, the layer remains intact. The main 
body of the turbulent flow does not "feel" the sediment grains and cannot readily erode the bed. 
Above this bed layer, the logarithmic (turbulent) layer is independent of the nature of the 
bed and the free stream flow. The presence of larger diameter grains or bedforms breaks down 
the smooth turbulent flow conditions so that the logarithmic layer extends completely down to 
the bed. Such rough turbulent flow conditions exist when the grain diameters or bedforms 
exceed about seven times the thickness of the viscous sub layer. Rough turbulent flows are the 
most common boundary layer condition in the natural environment. This means the turbulent 
eddies can reach down between the sediment grains and cause greater potential for erosion than 
under smooth flow conditions. The velocity profile in the logarithmic layer conforms to the von 
Karman - Prandtl equation': 
uiz) 1 
- ^ = - l n - (2.1.2) 
The value of von Karman's constant (K) was taken to be 0.4, but K can be reduced by 
high concentrations of sediment (McCave, 1979). An appropriate value must also be used for 
the hydrodynamic roughness length (Zo). Measurements of Zo from logarithmic profiles by many 
authors over a variety of substrates were examined by Heathershaw (1981). Soulsby (1983) 
reworked Heathershaw's (1981) results to derive a geometric mean and variation factor for Zo 
values for various sea bed types. From Soulsby (1983) a value of 0.02 cm was used in this study 
to represent z^ for a smooth flat mud bed. A useful derivation of (2.1.2) is given by Jackson 
(1981). It is difficult to relate a bed shear stress (in Nm'^ ) to the current velocity, and it is usual 
to convert the bed shear stress % into the shear or fiiction velocity u* (in ms"*) by: 
where p = density of seawater (2.1.3) 
P 
It is common to relate the bottom shear stress to the square of the velocity by using the 
quadratic fiiction law (where the drag coefficient (Cj) is related to the bed roughness and Zo): 
r ^ = pC where u is the instantaneous velocity (2.1.4) 
Above the logarithmic layer is the outer layer, in which the velocity and turbulence 
profiles depend upon the free stream flow, and do not take universal forms. The velocity profile 
of the outer layer diverges from a logarithmic profile and Dyer (1986) states that for rough 
boundaries the profile is best represented by a power law distribution of the form*: 
2^  ^^2^ 
with values of // < 10 for large Reynolds numbers (2.1.5) 
/ 
In this case, for (2.1.2) aiid(11.5) 2 = Oie vertical cooixiinate as a height above the sea bed, i.e. z - 0 at the bed. 
The logarithmic profile is widely observed in the estuarine environment, but is altered by 
flow accelerations and decelerations, bed morphology and stratification eflfects. These factors 
have to be considered when interpreting marine velocity profiles. The shear stress and values 
can be underestimated for accelerating currents, and over estimated for decelerating currents 
(Dyer, 1986). Turbulent boundary layers have long "memories", and the velocity profile takes a 
while to adjust when a different bed roughness is encountered. Form drag reduces the erosion 
potential of the flow, and near bed sediment suspensions can dampen turbulence and reduce 
shear stresses. The velocity profile is further complicated in shallow flow conditions by the 
effects of combined wave and current flow. Thus the logarithmic profile does not always give a 
reliable description of a natural velocity profile and this limits understanding of sediment 
transport processes. Nevertheless it provides reasonable estimates of rb and is often used to 
estimate the bed shear stress due to the mean flow. 
In practice, the velocity distribution (obtained fi'om current meter data) can be plotted 
against Ln (z) to obtain a first approximation intercept value of Zo, where the slope of the line 
yields The value of Zo is altered by wave and current interactions, the nature of the bed, and 
the presence of near bed fluid muds. 
2.1.2 Wave theory 
The wind exerts a shear stress on the sea surface which produces surface irregularities 
called waves. The waves develop until they reach a certain size, wavelength and speed. These 
dimensions are governed by both the speed and duration of the wind, and the fetch 
characteristics. A "fully developed" sea occurs when energy is dissipated fi'om the waves at the 
same rate as received fi'om the wind. Variations in wind speed produce a spectrum of wave sizes 
known as a wave field. Close to the origin, the wave field is confijsed, but with increased 
distance away, waves of lower fi-equencies become separated by dispersion into swell waves. 
Waves are important for sediment transport because they are able generate large bed shear 
stresses. Simple linear theory describes an idealised sinusoidal water wave, as illustrated by 
figure 2.2, where: 
o The fi^ee surface is the air water interface, defined as 77 
o Wave height (//) is the vertical difference in height between the crest and the trough. 
o Wavelength (L) is the distance between two successive crests. 
o The time interval between two successive crests passing a fixed point is called the 
wave period (7). The number pf crests which pass a fixed point per second is known as the 
wave fi-equency (/). 
H 
o Wave steepness is defined by — 
wave steepness (Wi) 
wave helgtrt (tf) Binpittude 
(a) 
1 wavelength 
4 4 
Figure 2.2 Idealised vertical profile of two successive waves shoving their linear dimensions 
and sinusoidal shape (adapted from The Open University, 1989) 
The mathematical description of progressive surface waves is undertaken by a linearised 
form of the equations governing fluid motion. There are a number of assumptions in applying 
this approach, the most important being that the wave shape is sinusoidal and the wave 
amplitude is very small when compared to wavelength and depth. Viscosity and surface tension 
are ignored and the water is assumed to be homogenous and incompressible. Depth is taken to 
be uniform, and the cohesive bed is taken to act as a smooth solid boundary. Finally, it is 
assumed that the simple two dimensional model of surface wave behaviour is a close 
approximation to how wind waves behave in practice. 
Madsen (1976) takes a conservation of mass approach to the motion of a water wave, 
and, using the coordinate system and symbols shown in figure 2.3, produces a statement of 
equality of the rate at which fluid enters and leaves a fixed volume. For two dimensions this is': 
du dw 
+ = 0 (2.1.6) 
dx dz 
where u and w are the horizontaJ and verticaJ components of velocity respectively. 
For short waves in deep water (i.e. — > 0.5), the forces on a fluid particle consist only 
/ / 
of gravity and pressure. A Eulerian description (where p - the fluid pressure) of a particle*s 
horizontaJ velocity (in two dimensions i.e. // and w) is expressed as: 
Du du du du I dp 
D / 
du du 
— + // —— + t^' ^ -dt dx dz p dx 
(2.1.7) 
For this w-ave theory scclion z = llie vertical coordijuile with respect to sea level, i.e. z = 0 at still w.'aler level. 
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A similar expression is obtained for the vertical component of velocity, with the inclusion of the 
gravity body force acting in the negative direction. However, the non-linear convective 
accelerauons, u— and // — , mean the equations are not easily solved. 
dx dz 
Figure 2.3 Definition sketch of coordinate system and symbols used by the Madsen 
(1976) conservation of mass approach to wave motion. 
A velocity potential <I> was defined by Lamb (1932) such that: 
cosh/:(r + /7) 
<D = -
0) cosh/:// 
,sin(A3r -ty/) (2.1.8) 
2;r 
where a = wave amplitude, ^  = acceleration due to gravity, 0 ) = = angular fi-equency, 
2;r cosh/:(z+/7) , , . ^ 
k = — = wave number, and — 2W attenuation factor. 
and: (" ,»• ' ) = 
cosh/:// 
d^ d^ 
dx ' dz 
Substituting (2.1,9) into (2.1,6) leads to the linear Laplace's Equation: 
^ '<D d^0 
+ _ , = 0 
(2.1.9) 
(2.1,10) 
dx' ' dz' 
This substitution is justified as it leads to solutions that adequately describe the real situation. 
The introduction of the velocity potential has reduced the description to the determination of two 
unknowns, O and p, with Laplace's equation governing the kinematics of the problem. To solve 
(2,1.10) certain boundary conditions must be specified. At the bottom (i.e. z = -h) there can be 
no flow normal to the bed. Thus the bed condition is simply: 
d<t> 
dz 
0 (2,1.11) 
The kinematic boundary condition for the free surface states that a particle at the free 
surface remains there. The location of the free surfece profile is best related to the still water 
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level (i.e. at z = // (x.f)). The rate of change of rj follows an individual particle, and must be 
equal to the vertical velocity component of this particle. The kinematic boundary condition is: 
Dt ~ di ^ dx dx ' dz •^•'•'^^ 
Non-linearities arise because (2.1.12) applies at the location of the fi-ee surface, which is pan of 
the solution and thus an unknown. This can be accounted for by an additional boundary 
condition for the free surface. It is assumed the pressure immediately below the free surface is 
equal to the atmospheric pressure above the surface. For estuarine problems, the spatial changes 
in atmospheric pressure may be taken as negligible, and so pressure becomes a constant and 
equal to zero. Introducing p = 0 into Bernoulli's generalised equation leads to the non-linear 
dynamic boundary condition (at r = (xj)): 
d(X> 1 + gi] = 0 (2.1.13) 
Madsen (1976) notes that the solution of Laplace*s equation, subject to the boundary 
conditions above, is not readily solvable. Despite the governing equation being linear, the non 
linear boundary conditions of (2.1.11) and (2.1.12) prevent a simple solution. The obvious 
solution is to linearise the boundary conditions which is a valid simplification for small amplitude 
waves. Linear theory is thus best applied to small waves in deep water. When water depth 
becomes small relative to wave height (i.e. during shoaling and breaking), errors become 
significant and a different approach is required. Providing the small amplitude wave assumption 
holds, the fi-ee boundary conditions are applied at the known location (i.e. z = 0) rather than the 
actual location of the ft-ee surface (at z = ;;). For infinitesimally small waves, Laplace*s Equation 
(2.1.10) is subject to the bed boundary conditions of (2.1.11) and the surface condition below: 
+ J? = 0 atz = 0 (2.1.14) dt' ' ^ dz 
where (2.1.14) is obtained fi-om the linearised form of (2.1.12) by introducing an expression for 
the fi-ee surface profile ;/ obtained by (2.1.13) where: 
1 d<x> 
1 = - atz = 0 (2.1.15) g 
Equations (2.1,10), (2.1.11), and (2.1.14), determine the velocity potential, and the 
corresponding surface profile is obtained directly from (2.1.15). Despite the assumptions made 
to obtain the linearised equations, they describe many features of waves with sufficient accuracy 
to be of use. From these expressions the orbital velocities and excursions, and wave energy, 
> 
pressures and group velocity can be derived, (e.g. see Sarpkaya and Isaacson, 1981). 
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2.1.3 Waves in shallow water 
As waves propagate across a mudflat into shallower water they undergo changes in their 
properties before finally breaking. Fundamentally, the wave period remains constant. Davies 
(1983) notes that recorded wave heights maybe oversized due to wave reflections, which may 
have implications for calculated bed shear stresses. It was assumed here that the bottom slope 
changed so slowly across the mudflat that reflection could be ignored. Neglecting bottom 
fiiction, shoaling causes a decrease in the wave speed and wavelength, and an increase in the 
wave height, steepness, and near bed orbital velocity. The dispersion relationship accounts for 
the variation of wavelength and phase speed (c\v) with depth by: 
c^ , = -/—^tanh —;— equivalentto " =/retanh(/:/;) (2.1.16) 
\ l n \ L J 
If tanii tenn is small, i.e. — « 0.05 for shallow water, then tanh x^x. If — » 0.5 for 
H 
deep water, then tanh x^\. The ratio — of local wave height (//) to deep-water height (//«) is 
equivalent to the shoaling coefficient which is a fijnction of the ratio of the water depth to the 
deep water wavelength, — . When concerned with the effect of the wave motion on the 
bottom, the amplitude of the wave orbital velocity {u^ immediately above the bottom is of major 
importance. This is expressed by Madsen (1976) as: 
u, = T^^-rr aiz = -h (2.1.17) 
Equation (2.1.17) shows there is no velocity at the bottom in deep water conditions, but 
[g 
in shallow water where the velocity tends to be constant with depth (i.e. = V/^'^ ^ "^ ^^  ^ 
rapid increase in near bed orbital velocities due to shoaling. The vertical velocity component is 
found to vanish at the bottom in shallow water. Waves travelling at an angle to the shoreline are 
refracted onshore. This allows in-situ velocity measurements to be aligned assuming that the 
waves travel directly on shore, normal to the shoreline. As waves shoal, the circular orbits of the 
water particles become flattened and some of the wave energy is used in moving sediments on 
the sea bed. The shallower the slope of the immediate offshore region, the more energy will be 
dissipated from the waves before they finally break. 
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2.1.4 Second order (Stokes) wave theory 
The preceding description applies to waves of small enough amplitude to neglect the 
non-linear terms in the governing equations. Certain features of wind waves are not predicted by 
linear wave theory. Real waves have crests that are narrow and peaked and troughs that are 
broad and flat. One way of improving the solution is by introducing the linear solution into the 
non-linear governing equations, which leads to velocity potential O' and surface profile //, 
essentially an approximation of the error committed by the neglect of the non-linear tenms (as 
described by Madsen 1976). The velocity potential is defined by: 
3 , cQs\\2k{z + h) . era)- . ,o. 
^ ^o'''^ • . 4 s\r\2{kx-(ot)~ . / (2.1.18) 
8 smh kh 4smh kh 
and for the surface profile: 
, ka coshkh{2 + coshIkh) ^. . . . 
= a - —777 cos2(Ax-(y/) (2.1.19) 
4 smh-*/:/; 
The dispersion relationship (2.1.16) between {y and k remains unchanged. The correction 
terms, when added to the linear tenns, produce a second order solution for progressive Stokes 
waves. The wave crests become more peaked whereas the troughs become flatter; beginning to 
describe natural wave asymmetry. (Typically, when looking at a pressure record, wave crests 
are higher above the still water level than the troughs are below). 
When evaluating the particle orbits with second order theory it is found that the orbits 
are no longer closed and provide an improved representation of the natural wave condition. 
There is a net movement of water associated with the wave motion, which has some influence on 
the net sediment transport associated with wave motion. Madsen (1976) points out that the 
second order solution provides a method of establishing limits for the validity of the linear wave 
theory. For valid linear theory, the correction terms must be small compared to the linear terms. 
Comparisons of the order of magnitudes of rj and ;; for long waves, gives: 
I6;r 
« 1 (2.1.20) 
Hi} 
This reveals the Ursell parameter, — a s playing an important role when assessing the 
h 
importance of non-linearities for long wave problems. 
2.1.5 Cnoidal theory 
Both Linear, and Stokes theory are inadequate to describe waves in very shallow water. 
/ 
Cnoidal or Shallow water theory is more applicable. The description of a progressive wave of 
permanent form is expressed in terms of the Jacobian elliptic cosine function, which is designated 
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by Cn., hence the name Cnoidal theory. A periodic wave approaching breaking behaves in many 
respects as a solitary cnoidal wave. 
Cnoidal theory simplifies the boundary conditions by assuming that wavelength is long, 
and wave height is small (such that wave steepness < 1/7) compared with depth. The cnoidal 
wave crest is peaked and the trough long and flat. The ratio of crest elevation (above still sea 
level) to wave height increases with increasing values of the Ursell parameter. Work has been 
done to find when Cnoidal theory provides a better approximation (e.g. Dean 1970 and Le 
Hi} 
Mehaute 1976). For this study cnoidal theory was taken as valid when > 15. Because of 
the complexity of the cnoidai solutions, linear theory is used later to describe the oscillatory flow. 
2.1.6 The surf zone 
The process of shoaling ends in wave breaking, when the limiting wave height to depth 
ratio reaches a critical value of — 0.8. A useful summary of breaking criteria is given by 
h 
Madsen (1976) who suggested a combined expression from Galvin (1972) and Collins (1972), 
where the subscript B refers to breaking conditions, and the mudflat slope = tan >9, such that: 
— = 0 . 7 2 ( 1 + 6.4 tan/?) tany9<0.l (2.1.21) 
\ h \ 
Whichyields: 0.72< — < 1.18 (2.1.22) 
A natural wave is a highly complex system and, even prior to breaking, the shape is 
substantially distorted from a simple sinusoidal wave. The turbulence formed in wave breaking is 
a major force in bed erosion and sediment resuspension, but is an area which is not well 
understood. Kana (1977) showed that plunging breakers were able to entrain almost an order of 
magnitude more sediment than spilling breakers. Waves breaking at an angle to a beach can also 
generate a longshore current flowing parallel to the shoreline (see Longuet Higgjns 1970 and 
Komar 1983). 
2.1.7 Wave boundary layers 
The region of interest for the study of sediment movements under waves is the flow in 
the boundary layer, where the orbital velocity decreases rapidly from the value predicted by the 
wave theory to zero at the bed. Turbulence is produced by shear at the bed, and by waves 
breaking at the surface. Only 2^ small portion of the energy released by wave breaking moves 
downwards through the water column (Svendsen, 1987). The distribution of turbulence is 
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closely related to the vertical distribution of sediment. Jonsson s^ (1966) defines the laminar / 
turbulent flow transition in terms of the Reynolds type number Re^,: 
A 
/?cv= (2.1.23) where 
V 
li, H 
the orbital excursion (/I) = — = —. and i^ is the kinematic viscosity. 
CO 2sinh(A://) 
Rcy, does not give an exact description of the flow, but high Re flows are turbulent and 
low Re flows are viscous. There is often a thin logarithmic layer close to the bed in the turbulent 
oscillatory boundary layer, but it is inappropriate to use the von Karman - Prandtl equation 
unless measurements are made very close to the bed. For typical short period waves in shallow 
water estuaries, the fluid velocity changes direction and speed before the boundary layer 
(resulting from the earlier flow cycle) reaches the free surface. The boundary layer thickness 
thus is directly related to the wave period, and is typically a few centimetres thick (Davies, 
1983). Wiberg and Smith (1983) defined the thickness of the boundary layer under oscillatory 
motion (tSv)as: 
= - f ^ (2.1.24) 
In the case of a rough bed, Fredsoe (1984) described the velocity profile in the thin 
boundary layer by the logarithmic expression of (2.1.2)" as: 
K 
(2.1.25) 
The oscillatory boundary layer can be considered to act as a larger roughness element 
than predicted by Zo, and this is accounted for by the equivalent or Nikuradse's roughness (A,). 
Many suggestions have been made relating to grain size diameter and to the size of bed forms 
when present (Sleath, 1984). Because the bed form is complex and difficult to quantify, there 
can be some uncertainty as to which value to take. For this study the mudflat was considered to 
be smooth and flat (i.e. Zo = 0.02 cm) and was taken to be 30zo (Soulsby et a/., 1993) 
One difficulty in studying boundary layers associated with irregular waves, is that almost 
all available information on the subject is related to sinusoidal free stream flows in the laboratory. 
This gives rise to some uncertainty in classifying boundary layers in the field since the behaviour 
of the flow in one wave half-cycle may depend on previous half cycles. 
Within the wave boundary layer the flow velocity is primarily horizontal. The 
streamlines are parallel to the bed, and the flow velocity decreases from the free stream value to 
For (2.1.24) z = the vertical coordinate as a height above the sea bed, i.e. z = 0 at the bed 
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zero at the bed. This introduces very large velocity gradients and associated shear stresses which 
can cause erosion. Jonsson (1966) uses the expression: 
I (2.1.26) 
to relate the bed shear stress to the free stream velocity, with the coefficient being a wave 
fiiction factor. The unknown velocity distribution leads to empirical definitions for f^. based on 
the flow conditions. For low roughness values, in rough turbulent conditions, a constant value 
of 0.3 was suggested for/u by Jonsson and Carison (1976). This study follows the empirical 
approach of Soulsby (1994) where: 
-(V52 
/ . = 1.39 - (2.1.27) 
Shear stresses calculated fi-om (2.1.26) and (2.1.27) are reliable when the wave theory 
deriving the bed orbital velocities is valid. However, the shear stress values are very sensitive to 
changes in the value of/w, as discussed further in chapter 4, section 4.6.3.b. 
2.1.8 Wave current interactions 
Combined wave and current flows are common in estuaries. The flow formed by the 
more steady current is turbulent over the entire water depth and does not have the same 
boundary layer character as the thin boundary layer formed by waves. The current profile is 
modified by wave turbulence which enhances the bottom roughness, and increases the eddy 
viscosity felt by the current in a thin near bed layer, which is less than the thickness of the wave 
influenced layer (Lundgren, 1972). Outside this layer the current profile has a logarithmic form. 
The usual Zo intercept is replaced by the larger Z L as shown by figure 2.4. 
Log(z) 
Zo 
v(z) 
Figure 2.4 Wave influence on the mean velocity profile (after Nielsen, 1985) where d) is for 
the mean current alone and b) is for the combined flow. 
Waves affect tlie velocity profile b>' iniroducing cxtni mixing near to Uie bed. Hence, tlie outer profile gets 
sliiAed by Au, wliich corresponds to aii increase in rougliness b>' llie factor iji^ 
There are two different types of turbulence, originating fi'om the wave motion and mean flow 
respectively, which interact non-linearly. The interaction of the wave and current fields produce 
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a number of effects, including the refraction and modification of waves by horizontal currents, 
mass transport effects, longshore flows, and the enhancement of bottom ftiction and the bed 
shear stress. 
A usefiji comparison (during the MAST 1, G6M programme) of some widely used 
boundary layer models is described by Soulsby ci aL (1993). For sediment transport purposes it 
is necessary to predict the mean (tm) and maximum (TO^^) bed shear stress. The threshold of 
sediment movement is determined by Tnux, while the diflfijsion of suspended sediment is 
determined by Tn, (Soulsby et aL, 1993). A parametric form of the Huynh Thanh and 
Temperville (1991) model was used in this thesis to describe some of the wave current 
interaction mechanisms relevant to sediment transport. The Huynh Thanh and Temperville 
model investigates the affect of waves and currents on the boundary layer via a second order 
model by Leweilen (1977). The model was used to calculate the peak bed shear stresses under 
the combined influence of waves and currents (i.e. TU,;), as discussed in later chapters. 
2.1.9 Summary 
The linearised equations describe a progressive wave propagating at a constant speed 
without change in form. The phase velocity, water particle velocity, wave pressure, wave height 
and the shape of the orbital motions, can all be calculated fi-om the general expressions obtained 
for long wavelength, shallow water conditions. The solutions show that the water particle orbits 
are closed and there is no net motion associated with a progressive sinusoidal wave. The 
solutions obtained are simple, easy to apply and predict several usefijl features of coastal and 
estuarine waves with amplitudes far exceeding the mathematical assumptions on which 
linearisation was based. 
2,2 Estuarine cohesive sediment 
Intertidal muddy sediments can be considered to exist in four main states: 
0 As a suspension which can be easily transported by local hydrodynamics. 
ii) As a near bed high concentration (> 10 gL"') layer called a fluid mud. 
Hi) As a partially consolidated bed formed by a settling fluid mud. 
iv) As a fijlly consolidated bed which is very resistance to erosion. 
Winterwerp et ai (1993) lists 17 parameters that are needed to fijlly classify the physico-
chemical properties of a cohesive sediment. However, as Delo and Ockenden (1992) pointed 
out empirical or site specific methods are of^ en also used. Estuarine muds are composed 
primarily of silt and clay particles. Cohesion begins to be significant when a sediment contains 
more than 5 - 10% of clay (< 63 |im) by weight. The clay particle firaction produces some 
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characteristic sediment properties. The particles have a large specific area, and the surface 
(physico-chemical forces) become more important than the gravity forces, such that the process 
of flocculation can occur. 
2.2.1 Flocculation 
Flocculaiion causes the individual clay particles to stick together. This means inier-
panicle collisions and cohesion are flmdamental flocculation processes, which are basically 
independent of one another. The numbers of collisions between particles will increase in 
proportion to the suspended sediment concentration, until some upper concentration limit al 
around the transition from suspension to fluid mud. Particles which have collided will cohere if 
the short range attractive forces dominate the repulsive forces around the particles. The strength 
of the repulsive forces depends on the electrostatic charge of the clay particle surface. This is 
determined by the mineralogy, and both the concentration and variety of cations present in the 
surrounding fluid. Salinity has an inconsistent secondary effect on the settling velocity of 
cohesive sediment (Stevenson and Burt, 1985). Turbulence can both increase and limit the size 
of floes, which attain a maximum size for constant conditions of internal shear. Changes in the 
organic content of a suspended sediment can also produce diflferent floe sizes, and high levels of 
organics in calm conditions often produce very large (>100 jim) floes. The maximum floe size is 
governed by the individual particle size, suspended sediment concentration, turbulent energy, 
organic content, mineralogy, pH, ionic strength, and the chemical composition of the 
surrounding water. A usefiji review of the flocculation process is given by Van Leussen (1988). 
2.2.2 Deposition 
The basic parameter for detemiining rates of suspended sediment deposition is the 
settling velocity of the flocculated sediment. This is usually represented by a median settling 
velocity (WSQ) where half the sediment by weight settles at a greater velocity than WSQ. Discrete 
individual clay particles (typically < 0.5 diameter) can be kept in suspension by Brownian 
motion alone. Flocculation increases the size (and settling velocity) of the particles so that 
increased deposition rates occur, and turbulent shear stresses are required to keep the larger floes 
in suspension. There is a critical level of shear sufficient to keep the sediment in suspension, but 
excess shear results in floe disruption. Flocculation means settling velocities cannot be easily 
predicted by either concentration or particle size . A natural suspension consists of a range of 
floe sizes, densities, and settling velocities, and the resulting settling lag can have significant 
effects for sediment transport (Dyer 1986). It is important to know the rate at which sediment is 
deposited if flow conditions change. Rates of deposition (Hi) increase as the settling velocities of 
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the floes increase. Rapid deposition occurs if the suspended sediment is concentrated close to 
the bed rather than distributed higher up the water column. As the ratio between the bed shear 
stress and critical shear stress for deposition (Vrd) tends to unity, Ki will increase. Based on 
experimental observations Krone (1962) combined these factors into a single equation giving an 
approximation of Ra for particles of known settling velocity (PK^ )- This equation is given on the 
next page. 
(2.2.1) 
(where C'h is the near bed concentration). 
Deposition rates are thus proportional to concentration because of two eflPects. Firstly, with 
increased concentrations there are larger volumes of settling material, and secondly, the 
individual particle settling velocities will increase. Ra is negative when rb>rd and thus implies 
erosion can occur. Laboratory flume experiments have shown that deposition is controlled by 
the shear stresses (e.g. Delo, 1988). In estuaries additional factors may change the value of 
These include the degree of bed roughness, any resuspension of sediment by marine organisms 
and episodes of erosion during a period of deposition. 
It is important to realise that equation (2.2.1) does not hold for the high concentrations, 
termed fluid mud. Deposition rates are decreased because depositing floes interfere with each 
other. The interstitial water between individual floes flows upwards as the particles settle closer 
to each other. This upward flow reduces the settling velocities of floes above the fluid mud layer 
and the hindered settling process occurs. Krone (1962) estimates that this process occurs for 
concentrations as low as 2-10 gL''. Hindered settling forms the initial phase of the consolidation 
process as vAW be seen later. The settling process is very complex with continuing changes in 
PF,, Cb, and y?d occurring throughout a tidal cycle. The variety of factors which aflfect floe size, 
together with varying chemistry and biology, means that prediction of settling velocities is 
difficult. Direct measurement of settling velocity provides the most accurate results. These 
measurements are best done in-situ, since removal of a water sample back to the laboratory v^ nll 
invariably change the natural size distribution and properties of the floes under investigation. W^o 
values can be incorrect by up to an order of magnitude when laboratory measurements are 
compared with field measurements, Owen (1971). Delo and Ockenden (1992) give an empirical 
approximation for IV^o as: 
fV,„ = kC" (2.2.2) 
where C is the suspended sediment concentration and k and " are constants calculated by field 
experiments. Equation (2.2.2) is best applied to a uniform sediment, characterised by a single 
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settling velocity and critical bed shear stress for deposition. However, it is now recognised that 
estuarine sediments are better classed as distributed sediments, and as such have a range of 
settling velocities and critical shear stresses for deposition. Therefore, the accuracy of (2.2.2) 
can be improved by dividing the distributed sediment into a number of size classes, each having a 
unique settling velocity and critical bed shear stress (Delo and Ockenden, 1992). But the 
application of a distributed sediment model becomes complicated and it is common to simply use 
one value for the settling velocity. 
2.2.3 Consolidation 
The process of bed formation is termed consolidation. This is essentially a one 
dimensional, vertical process. Consolidation occurs when the weight of settling sediment expels 
the pore water between and within the floes, and produces an increase in the bed density. There 
is a net downward sediment movement and net upward flow of water. 
There can be considered three successive stages to the consolidation process, beginning 
with the first phase of hindered settling. Near bed fluid mud layers become less fluid and the bed 
densities increase as consolidation begins (Nichols and Briggs, 1985), The "gel point" occurs 
when there is a 3D matrix structure with all the floes in contact (Sills pers comm.). The next 
phase of consolidation occurs when the pore water inside individual floes is squeezed out by the 
weight of the sediment particles (often called self weight consolidation). These first two phases 
decrease the thickness of the settled mud layer. The final phase of consolidation is the process of 
floe aggregate collapse. Bed thickness continues to decrease slightly and chemical processes 
become important. The greatest increases in bed strength takes place in this final phase. Einstein 
and Krone (1962) described the consolidation process as: 
-^ (2.2.3) 
where H is the height of the interface. 
Hx is the final interface height. 
t is consolidation time (minutes). 
k and H are parameters for different sediments. 
The density profile and shear strength of a consolidating sediment will typically increase 
with distance below the surface. When is large, the pore water is unable to completely 
escape and instead helps the settled sediment matrix support the weight of the overlying 
sediment. In this case the sediment is termed to be under-consolidated (Dyer, 1986). Agitation 
of the sediment by waves and turbulence can produce near bed mud layers which never property 
consolidate. Fluid mud layers are fi-equently observed in nature, but a complete understanding of 
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their dynamics requires more work (Maa and Mehta, 1987). The natural distribution of settling 
rates and concentrations at the start of consolidation, together with many secondary factors, 
panicularly biology, make consolidation a complex process to model. 
2.2.4 Erosion 
Deposited sediment begins to move when bed shear stresses overcome the cohesive, 
ftictional and gravitational forces holding the grains on the bed. This limit may be defined by the 
critical shear stress of erosion (r^i) which is related to the shear strength of the bed. li follows 
there is a critical shear velocity {(/• c r i i ) for initiation of erosion. Unlike non-cohesive sediments, 
where erosion is a fijnction of the particle dimensions and local shear stresses, the cohesiveness 
of estuarine sediments increases the resistance of the bed to erosion. Amos e/ aL (1996) notes 
that properties such as percentage clay content, moisture content, bulk density, microbial activity 
and organic content can control the erosion threshold. Cohesive sediment can be removed fi'om 
the bed by either surface or mass erosion, or by re-entrainment into a fluid layer. Mehta et aL 
(1989) provides a good review of the mechanics of erosion. 
Surface or Type 1 (Amos et aL, 1992a) erosion involves floe by floe removal of 
sediment from the bed surface. To remove a particle requires a shear stress sufficient to 
overcome the inter-particle attractive forces. The rate of erosion is thus a fijnction of the 
difference between the shear stress and the bed shear strength, where the difference is termed the 
excess shear stress. Delo and Ockenden (1992) related the surface erosion rate to the excess 
shear stress by: 
5t \ r ^ . 
(2.2.4) 
where A4 is the erosion rate constant, typically 0.002 kgNT's"'. is dependent on the 
mineralogy, ion content, pH, moisture content and biological content of the mud. The rate of 
increase of the bed shear stress also determines M^, with a decrease in the rate of increase in 
shear stress causing a reduction in MQ. Numerous laboratory and field studies on unidirectional 
flow have verified the above equation. This type of excess shear stress approach is often used in 
natural tidal conditions where discrepancies can occur. The existence of a single z^^ value is 
unlikely (Lavelle and MoQeld, 1987) but it is practical to assume that a lowest value for erosion 
exists. Predicting is difficult unless in-situ measurements are made. Assuming a critical 
erosion stress can be found the problem is reduced to finding a value for the rate constant. 
Concentrations often lag behind the hydrodynamic forcing and flow sediment hysteresis results 
as noted by Dyer (1988) and Teisson et aL (1993). 
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Erosion can also occur through mass failure or Type 2 erosion (Amos et ai, 1992a) 
such that large chunks of sediment are removed form the sediment bed. This mass erosion 
occurs when the shear applied to the bed is well in excess of r^i, and there is a low gradient of 
Tail with depth in the bed. Mass erosion is poorly understood and there is little quantitative field 
or laboratory data available. Most work has progressed on the understanding of surface erosion 
and the critical stress at which this erosion occurs. 
Macpherson (1980) showed that fluid muds respond to turbulence in both a viscous and 
an elastic manner. This can result in breakdown of the fluid mud and enlrainment of bed 
sediment into the flow (Delo and Ockenden, 1992). 
Erosion can be considered as a reverse consolidation, or ^'swelling", process. This is 
because the turbulent shear stresses loosen the aggregates within the bed. The bed density 
decreases as water enters the consolidated sediment, and particles are transported into the main 
flow. The propagation of water into the bed defines the erosion rate, which becomes a function 
of the permeability of the bed, the initial water content, the cohesiveness of the sediment and the 
nature of the turbulence in the boundary layer. This means, under certain circumstances, erosion 
may occur, even when rb is initially less than rem. This is because, providing a constant flow is 
sustained, the initial z^ nt value may decrease below Tb, as water permeates into the bed and thus 
the bed density and strength decreases, and hence erosion may commence. In this case the 
erosion response is a time dependent process (Dyer pen comm.). 
The threshold erosion condition can be further complicated, because as the surface 
erodes, underlying (higher density) sediment has a greater resistance to erosion and rb must 
increase for erosion to continue. The erosion resistance of mud can be assessed by use of a 
shear vane instrument which can qualitatively measure the surface erosion resistance by 
measuring the yield strength property of the sediment. The instrument typically consists of a 
vane connected to a torque head via a calibrated spring mechanism. The vane is inserted into the 
sediment bed and rotated slowly until the bed sample shears, and the measured shear strength (at 
sediment failure) is read directly from the calibrated spring scale. 
Large shear velocities, equivalent to those needed to move non-cohesive fine gravels, are 
often required to erode relatively uncompacted muds. However, as consolidation progresses 
very much higher shear velocities are needed to cause erosion. This has important consequences 
on the resulting erosion rates across estuarine tidal mudflats. 
As with deposition and consolidation, predictions of erosion thresholds and rates are 
complicated by the physico-chfemical properties of mud. Paterson (1994) points out the 
importance of biological mediation in controlling sediment erodibility. Organisms inhabiting 
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sediments can have three influences on sediment erodibility, being negative (decreasing the 
erosion resistance), positive (increasing the erosion resistance) or neutral (v^ith no effect). A 
common negative effect is through the reworking or packaging of sediment by organisms via 
bioturbation. Organisms may also reduce the resistance of sediment to change by physico-
chemical mechanisms (Montague, 1986). Conversely sediment stability can be increased by 
biological activity, an extreme example being the relative stability provided by salt marsh 
vegetation. The role of macro-organisms in these types of processes has long been recognised, 
but increasingly in recent years the importance of micro-organisms has been noted. At present 
the data available on such biogenic effects is patchy and somewhat confused. However, this 
study does not attempt to quantify biological factors controlling mudflat erosion. 
The best estimates of erosion rates are obtained by in-situ measurements (Delo and 
Ockenden, 1992). However, field studies of erosion over mudflats are virtually non-existent 
except for long tenm records of bed level changes. West (1990) in a study on the Severn estuary, 
suggested that some sort of erosion could be expected when bed shear stresses exceeded I Nm" .^ 
The mudflat surface can be extremely varied in composition and strength, producing a 
corresponding range of sediment behaviour. Low strength, mobile sediment has a high water 
content and is frequently resuspended, whilst over-consolidated sediments are extremely resistant 
to erosion. The bed structure is further complicated by exposure of the bed to the local climate. 
The sun and wind cause the drying of the bed surface and increase Taiu whereas rain can serve to 
rewater and weaken a consolidating bed (Allen, 1987). Sediment surface moisture contents are 
usually low for areas exposed for long periods (West, 1990). Desiccation cracks result fi'om 
rapid loss of moisture and can be remarkably regular if no organisms are present in the mud. 
Amos et al. (1988) studied the influence of exposure and evaporation on r^x and concluded that 
this was a dominant factor resisting erosion, particularly during the summer months. 
Sediment beneath a depth of about 0.1 to 1.0 m often has comparatively uniform 
properties. This is because this region of the bed is rarely reworked or exposed to the various 
environmental changes which alter the composition of the surface sediment. The deeper regions 
of a mudflat are anoxic environments, with structures that reflect long term consolidation. 
2.2.5 Summary 
The intertidal areas contain a major fraction of the potentially mobile sediment within an 
estuary. The interaction of these areas with the main body of the estuary occurs essentially 
through the processes of deposition, consolidation and erosion. These processes are governed 
by many physiochemical, biological and hydrodynamic parameters, which are inherently linked to 
the periodic wetting and drying of the mudflat. 
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Under natural conditions, deposition, partial consolidation and re-erosion of sediment 
can take place repeatedly within a tidal cycle. Wave action across the intertidal area can produce 
significant effects, as the waves are able to produce a high concentration zone that progresses 
across the mudflal on the rising and failing tide. This narrow zone is potentially able to transpon 
large amounts of suspended sediment. The waves involved in this process maybe very small and 
can cause erosion in just a few centimetres of water. 
It is difficult enough to describe individually the processes of deposition, consolidation 
and erosion. However, when examining a complete coastal system, the sediment transport 
descriptions are further complicated because of the non-linear relationships between the three 
fundamental cohesive sediment processes, where hysteresis and feedback responses are 
common. This complexity has inhibited the development of a universal set of equations to 
describe estuarine sediment dynamics and hinders reliable estuarine management. Obtaining an 
overall sediment budget for an intertidal area is difficult because of the localised and irregular 
erosion characteristics. Measurement of the sediment fluxes across the mudflats is made 
particularly difficult by the shallow, variable water depth (Dyer, 1989). There are few studies of 
the sediment transport processes within this shallow water region, and in-situ measurements of 
such processes are particularly scarce. The main objective of this thesis was to focus on the 
response of the shallow intertidal zone to waves and currents as the tidal waters covered and 
uncovered the mudflat. The study aimed to quantify the effects of surface wave activity on the 
sediment bed in water less than 1.0 m deep. Previous work has indicated that shallow water 
wave activity can play a significant part in the overall intertidal sediment flux budget. 
In order to best meet the study objectives, in-situ measurements of velocity, turbulence 
and concentration were to be made at two different intertidal mudflat locations. These in-situ 
measurements were fundamental to the overall objectives, as previous in-situ work had been 
limited by a lack of suitable instrumentation, and laboratory investigations were unable to 
accurately recreate the natural processes. The first part of the project was the development of 
suitable equipment in order to make the in-situ shallow water measurements. The new 
equipment was deployed at two physically contrasting sites in the Severn and Humber estuaries. 
The two sites were chosen to highlight the differences between sediment transport behaviour 
over an exposed and sheltered intertidal mudflat. Time series measurements of velocity and 
concentration were to be taken in order to relate the sediment fluxes to near bed processes, and 
so allow the dominant physical processes causing sediment movement to be identified. Particular 
emphasis was placed on the effept of variations in the wave field upon changes in the bed shear 
stress and any resulting mudflat erosion. It is important to note that there are many other 
processes that can control erosion of a mudflat, including meteorological processes such as rain 
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and ice, and of course the numerous biological controls. Indeed, much emphasis is currently 
being placed upon biological mediation of mudflat characteristics, but it was not an objective of 
this work to study any of these other factors directly. 
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Chapter Three: 
Equipment development 
New instrumentation had to be developed in order to make measurements in the shallow 
waters across estuarine mudflats. Of particular interest were the changes in velocity and 
suspended sediment profiles above the bed that occurred during a tidal cycle. Valepori Ltd. 
(Dartmouth) produced modified electromagnetic current meters (EMCMs) that were able to 
record this type of velocity data. Optical turbidity sensors, to measure suspended sediment 
concentrations, were developed and tested with the assistance of the Department of Electrical 
and Mechanical Engineering at Plymouth University. All the sensors were combined to form the 
unique Profiles Of Sediment Transport instrument system (POST). POST comprised four 
EMCMs and eight turbidity sensors, which could be profiled (at one location) within 3 m of the 
sea bed, with individual sensors able to be deployed within 0.5 cm of the bed. Very compact 
probes allowed near bed measurements to be made in shallow water {h < 1.0 m), and provided 
excellent resolution of vertical (data) profiles. Outputs fi*om a conductivity, temperature and 
depth (CTD) sensor or pressure transducer (PT) could also be stored simultaneously by the 
system. POST produced real time information and recorded the data as a high fi-equency (18 
Hz.) time series. The system was easily deployed fi*om either a boat or directly ft-om the beach 
by two people. Previous use of similar instruments in shallow water (// < 1.0 m) had been 
limited. The following sections describe the development and configuration of the sensors used 
on POST. 
3.1 Velocity sensors 
3.1.1 Basic theory 
The EMCM operates on the principle of Faraday Induction, which states that a voltage is 
induced by a conductor (i.e. the sea water) moving relative to a magnetic field. The sensor is 
capable of measuring two components of velocity, between pairs of electrodes mounted on the 
probe. The electrodes pick up voltages proportional to the flow velocity. The EMCM sensors 
were required to be as small as possible, to provide fine scale resolution in vertical profiles. 
Valeport Ltd produced four miniaturised EMCMs. The optimal design had a 2 cm diameter 
discus shaped sensor, with 1 cm electrode spacing, driven by standard Valeport series 800 
electronics (as shown by plate 3.1, page 31). This was the smallest EMCM sensor available, 
being a compromise between the necessity for a compact probe, engineering practicality and 
signal / noise characteristics. 
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3.1,2 Laborator)' testing 
Laboraior>' calibrations were perfonned in an annular flume, usually before and after a 
field experiment. A typical sensor response is shown by figure 3.1. The figure shows there was 
an initial offset reading of approximately 100 units while the water around the sensor was 
stationary, the reading then increased as the sensor was towed through the water. At high tow 
speeds (> 0.5 ms"') the movement of the sensor through the water tended to "wind up" the 
water, producing a residual flow. To ensure accurate calibrations the water was allowed to 
become stationar>' and several runs were carried out and the readings averaged over a suitable 
period. 
EMCM Hd. I , Calibration Data 
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Figure 3.1 
i) At tow speeds around 1.00 ms'\ the standard deviation increased due to the 
additional effect of hydrodynamic noise. At 1.00 ms"\ typically deviations were 90 to 100 
counts (=0.041 to 0.054 ms') as shown in figure 3.1 at 00:10 minutes. 
ii) Typical standard deviation values for the electronics noise in still water are 
shown by figure 3.2, being between 10 to 20 counts (equivalent to 0.0054 to 0.011 ms"'). 
Hi) A representative calibration curve from one of the four sensors is illustrated by 
figure 3.3. The curve was approximately linear, with a maximum deviation of 5% at about 0.6 
ms''. With individual sensor calibration a velocity was measurable to + 3%. 
3.1.3 Variations in response 
If the sensor was positioned too close to a boundary such as the sea bed, distortion of 
the magnetic field occurred. This altered the potential difference set up across the electrodes by 
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the flow and produced spurious readings. There were also undesirable effects due to reduction 
and diversion of the flow between the sensor and the sea bed. 
EMCM Hd. 1 Calibration data, typical noise. 
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The results from work by Quartley (in Dyer el ai., 1994) shown in figure 3.4 showed the 
sensor response was unchanged when the face of the discus was at least 2 mm from a non 
conducting boundary and 10 mm from a steel conductor. (There was no change in the zero 
when the edge of the discus sensor was held close to a boundary). The sensor sampled flow 
conditions from about I cm^ of water. 
Effect of proximity to steel and fibreglass 
surfaces on zero reading of sensor 
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Figure 3.4 
Investigations of calibration changes due to various concentrations were also carried out. 
Different concentrations were made up by adding kaolinite clay {Dso = 8 \xm) to the water, and 
mixing vigorously to produce a homogenous suspension. Before and after each run a pipette 
sample was taken at the sensor depth, and the concentration obtained from gravimetric analysis. 
The plotted line (figure 3.5 overieaf) shows the calibration curve for clear water and the 
deviation at different concentrations. The spread of data was about +2.5% of the clear water 
values. There was no particular pattern to the data in terms of concentration. Taking into 
account the method, the conclusion was that, within experimental error (of ±5% shown on the 
clear water curve) the calibration was not significantly altered by changes in concentration up to 
about 15 gL'V 
Plate 3.1 overieaf shows detail of the final EMCM sensor, from an "edge on" view. 
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Plate 3.1 Side view of EMCM sensor comprising 2 cm diameter discus head. 
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3.2 Turbidity sensors 
This section describes the development of the optical sensors used to measure 
concentration. Because of the fast lime response and low power requirements, optical sensors 
are ideal for obtaining continuous measurements of suspended particulates (Sternberg 1989). 
Particular requirements of a turbidity probe for this project were: 
i) A compact sized probe to avoid the problems caused by sensors that are similar 
size as the gradients being measured. Flow disturbance by turbulence around the sensor may 
redistribute suspended particles and cause concentrations to deviate fi-om natural levels. 
ii) A suitably small sample volume was needed in order to provide centimetre 
resolution for near bed concentration profiles. 
Hi) No interference from background light sources (e.g. sunlight). 
iv) Robust and waterproof construction for use in estuarine environments. 
v) Accurate and repeatable results over the wide range of conditions. 
vi) Portable to aid deployment in "mudd/* locations, with suitable power supply 
requirements for remote field use. 
Infra red (IR) radiation (k = 960 nm) was used as the light source in the optical turbidity 
sensors because it is strongly attenuated by water. An infra red signal intensity decreases by over 
63%, for every 5 cm traversed in clear water (D and A Instruments, 1991). Thus, the IR beam 
emitted by the sensor does not penetrate very far through the water, and background sources of 
infra red radiation (e.g. sunlight) are strongly attenuated with depth. This has two benefits. 
Firstly, a small volume of water can be sampled to give fine resolution of concentration data. 
Secondly, when deployed at sufficient depth, the light receiver will not suflfer from sunlight 
interference. 
Turbidity was investigated by the sensor measuring the change in received light as the 
amount and type of suspended particulate matter varied. Accurate concentration data was 
obtained when: 
i) Calibration and data measurements were made using the same turbidity meter. 
ii) The sensor was calibrated with a turbidity standard or a representative sample of 
the suspended material. Every suspension has unique mineralogy, composition and resulting 
optical properties, and as such requires individual calibration. 
Hi) The homogeneity of the sample concentration was within 10%. Care was 
needed when bottom sediment from a field site was used to make up the calibration suspensions. 
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Significant differences in grain size distribution can occur in the top few millimetres of bottom 
sediments and a homogenised bottom sample may not be representative of the true suspended 
sediment population. (Kineke and Sternberg, 1992). 
iv) A suitable number of data points for the calibration graph were obtained. 
v) The particle size and composition of the suspension was constant over the 
monitoring period. This last condition can be crucial, but almost impossible to verify in the field 
even with fi-equent direct sampling. Green and Boon (1993) point out that calibration 
coefficients are sediment specific and must be applied with care. A sensor response to a sandy 
suspended sediment is often very different to that of a mud suspension. (In the case of an optical 
back scatter type sensor, the sample volume is constantly changing being dependant on 
variations in concentration). 
Most turbidity meters are configured in either transmission or backscatter mode, and are 
operated by measuring the changes of a light signal due to the suspended matter in the water. 
3.2.1 Transmission mode 
These sensors consist primarily of a light source and receiver, separated by the fluid 
under investigation. The receiver detects both transmitted and forward scattered light. By 
measuring the sensor response to known concentrations, empirical relationships can be 
established, on a case-by-case basis, to determine concentration. A typical response is shown in 
figure 3.6, with a fairly linear response at low concentrations, and the sensitivity decreasing 
exponentially until complete extinction at higher concentrations (« 35 gL"*). 
3.2.2 Backscatter mode 
Optical backscatter sensors (OBS) typically consist of a light source and receiver, 
mounted side by side, which face the same part of the liquid. They are a form of nephelometer, 
responding mainly to the first order scattering eflfects caused by suspended particles. As 
concentration changes, the proportion of light backscattered from the source to the receiver will 
also vary. The received light provides a measure of the amount and type of suspended sediment. 
Laboratory calibration allows conversion of this backscattered intensity into a suspended 
sediment concentration (Downing and Beach, 1989). 
A typical calibration curve, such as figure 3.7, shows a peak of backscattering at about 
23 gL*', with an exponential decrease in response at higher concentrations. Initially, as 
concentrations increased fi-om 0 gL"' there was a linear increase in the receiving (RX) diode's 
output voltage, responding to the increasing amounts of light backscattered fi-om the particles in 
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Typical response of a transmission turbidity meter to concentration 
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Figure 3.6 
suspension. As concentrations increased further, the output voltage reached a maximum and 
then decreased exponentially. Kineke and Sternberg (1992) note the output voltage reaches a 
maximum because of partial blockage of the emitted beam by the highly concentrated fine 
sediments, reduaion of the scattering volume relative to the area of detection, and increased 
multiple scattering, all of which result in a reduction of the return backscattered signal. 
Typical response of a backscatter turbidity meter to concentration 
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Figure 3.7 
34 
3.2.3 The F O S L I M system 
Early in 1993, a Fibre Optic Silt Measuring Instrument (FOSLIM) was purchased fi-om 
Delfl Hydraulics (Netheriands) and tested. This was a "laboratory bench" version of Delft's 
OSLIM instrument, having a fibre optic probe which measured concentrations. 
The FOSLIM was modified for use in estuarine environments. This required water 
proofing parts of the probe, extending the cables, and improving the signal / noise ratio. It was 
thought necessary to increase the upper limit of measurement to 50 gL'' to measure the high 
concentrations which were anticipated close to the bed in some intertidal areas. 
In the original system, the transmitting LED produced a low power infi-a red signal of 
approximately 4 {iW. Thus, the FOSLIM operated at extremely low power, and enhanced 
sensitivity was originally achieved by using a very wide range logarithmic amplifier. In order to 
deploy the FOSLIM across mudflats the fibre-optic or electrical cables needed to be extended to 
200 m length, allowing the "dry" electronics to be housed on the beach. 
The optical fibre had very high attenuation (1.85dBm'') and the existing low power LED 
was unable to transmit successfijlly over cable lengths in excess of 5 m. The electrical cables 
were thus extended to increase the distance between the probe and dry electronics. 
A number of field trials were carried out. The FOSLIM was deployed in the Tamar 
estuary on two occasions in Februaiy and March 1993. From 7 June 1993 to 12 June 1993 the 
FOSLIM was used within a MAST 2 (GSM Project 4) intercalibration project to study the floe 
characteristics of the River Elbe. These studies provided an opportunity to compare the 
FOSLIM system and data with other methods used to measure turbidity. During the trials, 
concentrations were measured continuously throughout the tidal cycle and the results compared 
favourably with data from different measurement techniques (as shown in figures 3.8 and 3.9). 
During the experiments it was noted that the FOSLIM's RX diode was receptive to 
background light as well as the transmitted infra-red signal. This posed a potential problem for a 
deployment in shallow water, as strong sunlight would interfere with the received signal. There 
were also concerns that a 1 Hz. response time would be too slow for high frequency 
measurements of individual wave eflfects. Because of these limitations it was decided to use the 
FOSLIM solely for laboratory work and as a calibration standard. 
There was still a need for an reliable in-situ concentration sensor and so it was decided to 
develop a completely new optical probe with the assistance of the Department of Electrical and 
Electronic Engineering, at the University of Plymouth. Subsequent development, testing and 
construction work was carried out in their laser optics laboratory. 
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Tamar fieldwork 17/3/93. Surface concentration data (z = 0.5 m) 
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Figure 3.9 
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3.2.4 New sensor characteristics 
The new probe needed to be able to measure concentrations in a range 0-50 gL"', with 
an accuracy of ±10.0 mgL"' (or 1%), at flow rates up to 1 n\s \ over a range of salinities from 0 
to 35 parts per thousand. Maximum floe sizes expected in the field were taken to be about 300 
^m diameter. We needed to be able to sample at frequencies up to 20 Hz and record data to at 
least 10 Hz, to help measure individual wave effects. Measurements had to remain stable with 
respect to background light interference, temperature changes, electrical noise, length of 
operation and hydrodynamic variables. Both a transmission and a backscatter sensor were 
produced. 
3.2.4.a Transmission probe 
Fibre optic cable remained the best method for guiding the light from the IR emitting 
diode to the probe end. Because of the alignment problems encountered using two fibres, tests 
were carried out using just one fibre, the end of which faced into a RX diode. Various RX 
diodes were tested and eventually a compact IR sensitive unit, with built in visible light filtering, 
was selected. This arrangement seemed a good compromise, providing the optical requirements 
housed in a compact and robust probe. 
3.2.4,b Backscatter probe 
Investigations were also made into the responses of optical reflective switches to 
differing concentrations of suspended mud. These switches consisted of an IR LED and IR 
matched RX photo transistor, housed together in one unit. Typically these optical switches are 
used in industry for counting items on conveyor belts etc.. 
The LED illuminates the region in front of the unit and the receiver (which is mounted 
alongside the LED) picks up any reflected light from an item passing in front of the switch unit. 
The variation of the amount of reflected light received results in a changing output voltage from 
the transistor. This behaviour forms the basis of a backscatter turbidity sensor. Laboratory tests 
with a variety of reflective optical switches showed good sensitivity when the units were placed 
in varying mud suspensions. The reflective switches were housed in compact, hermetically 
sealed waterproof units making them ideal for estuarine use. 
Different optical switches showed varying responses, due to their diode alignment, and 
the final OBS unit was chosen to give a sharp change from the linear section to the exponential 
section of the backscatter calibration curve (as in figure 3.7). The information from the 
transmission probe complemented the OBS data by identifying which side of the OBS 
exponential calibration curve a particular OBS output voltage corresponded to. 
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3.2.5 Final sensor configuration 
Together the transmission and backscatter systems created a sensitive probe that could 
operate over a large concentration range. The final probe configuration is shown by the sketch 
in figure 3.10a and plate 3.2. 
Care was taken to ensure that there was no interference ft'om background light sources 
such as sunlight. Thus, both the TX and OBS systems used IR emitting diodes and the 
respective receivers (shown by figure 3.10b and 3.10c) were housed in plastic casings that were 
opaque to visible light. Laboratory tests showed this reduced the amount of light interference 
but subsequent field tests showed there was still some noise in very shallow water This had to 
be solved so that measurements could be obtained during bright daytime conditions. 
3.2.6 Ambient light removal 
The diodes and transistor were originally driven by D.C. circuitry. One solution was to 
place a third RX diode on the probe, close to the active sensors, which only measured the 
background light and generated a proportional output voltage. By appropriate scaling and 
amplification the reference signal could be fed back against the measured signals, removing the 
background noise component. The D.C. feedback worked well when all the reference diodes 
were at the same height as the measuring diode, and received the same proportions of interfering 
light. In practice movements of the sun, changes in depth and water surface conditions 
prevented this and the feedback system was unsuitable for shallow water work. 
Background light interference was only completely removed by operating the turbidity 
probe in pulsed mode. A sample and hold circuit was used to convert the alternating signal to a 
D.C. voltage form, which the recording system digitised and stored on magnetic disc. The 
turbidity meters on POST use high power IR LEDs pulsed at IKhz., to successfijlly remove any 
light interference effects. 
3.3 The POST system 
The sensors described in sections 3.1 and 3.2 were combined together to form the POST 
system. This consisted of four EMCMs, four transmission and four backscatter turbidity 
sensors. Additional "master variable" data such as temperature, conductivity and depth could 
also be recorded fi-om a separate CTD instrument. Power requirements were 24V D C , 
typically supplied ft-om two 12 V car batteries in series. 
3.3.1 Data collection 
The core of the system was a 486 p.c, with a 250mB hard disk and 8mB of RAM. Data 
collection was initiated by the p.c. sending a convert command to both the EMCM and optics 
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Side View of Optics Probe 
• 1= Top View 
2= Bottom View 
3/4= Side View 
OBS Diode 
1 B 
3 
• 
1= Top View 
2= Bottom View 
3/4= Side View 
R X Diode 
Figure 3.10 Final optical probe configuration (scale 1:1). 
Plate 3.2 Side view of completed optical sensor. 
39 
analogue to digital (A/D) conversion units. These two A/D's each sampled 8 channels of data. 
An additional A/D unit allowed another 8 signals to be recorded, such as output from a CTD. 
All the EMCM's and all the optical probes were sampled simultaneously and the voltage signals 
were then digitised. The resolution of the A/D converters was 12 bits, with a full scale range of 
5.0 V. This gave a voltage resolution of 5.0/2'^  = 1.22 mV. This digitised data was then sent 
up an RS485 link which enabled high speed communication to a computer, operating at 19.2 
kbits '. This digitised data was recorded onto the hard disk at 18 Hz. 
The recording software allowed the user to define both the duration of the whole 
recording period and the length of individual files. The binary data was saved as short individual 
files, each containing a specified number of values, with "header information" at the start and end 
of each file. These short files were typically between 1 minute 53.77 seconds (i.e. 2048 readings 
per channel) to 3 minutes 47.55 seconds (i.e. 4096 readings per channel) in length. The stored 
binary data was converted to an ASCII format at a later date for data processing. Data was 
displayed on the p.c. monitor in near real time because of the speed limitations of the monitor. 
The display was updated at a slower rate than 18Hz to allow the operator to check that sensible 
data was obtained. On screen messages provided information regarding any errors. 
3.3.2 Anti-aliasing filters 
I f an A/D converter is presented with an improperly filtered input signal, the output will 
contain aliasing errors. Spurious high frequency signals from the system itself can fold back and 
appear as lower frequencies that cannot be subsequently be distinguished from the valid data. 
This phenomenon, where a high frequency component takes on the identity of a lower 
frequency, is called aliasing. 
The sampling frequency must be at least twice the highest frequency of interest within 
the analogue signal. This sampling rate is referred to as the Nyquist rate, and the frequency at 
half this rate is called the Nyquist frequency. A recording frequency of 18 Hz. was chosen to 
ensure the Nyquist frequency was well above the maximum frequency of interest (about 5 Hz ). 
The problem of aliasing above the Nyquist frequency is resolved by putting an anti-alias filler at 
the front end of the A/D input (Bishop, 1991). The POST data from Portishead (described in 
chapters five and seven) was low pass filtered with a pass band ending at 3.2 Hz (with no 
amplitude distortion) and a stopband starting at 7.2 Hz. The filters used to record the POST 
Skeffling data (in chapters six and seven) gave a pass band of 5 Hz., with some amplitude 
degradation to 6.4 Hz. The stopband cutoft'in both cases was -72dB and the elliptic filters had 
the same characteristic response, as shown by figure 3.11 for the Skeffling set up. 
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Figure 3.11 Characteristic shape of the POST low pass filters. 
(This plot is for the filtere used during the Skeffling field \voik described in chapter 5) 
3.3.3 Advantages of the POST system 
Miniaturised probes avoided the problems caused when sensors are the same size as the 
length of gradients in properties being measured. The EMCMs were compact enough to sample 
high fi-equency, small scale velocity fluctuations. The turbidity sensors were able to resolve 
sharp gradients in concentration. The combination of high speed recording and anti-alias filters 
allowed individual wave events to be studied. All the sensors sampled a volume of water 
approximately 1 cm . This provided good vertical resolution for shallow water profiles, and 
allowed measurements to be made close to the bed. The system provided time series data of 
waves, tidal currents and concentrations in-situ, which were used for multivariate fi-equency and 
time domain analysis. Particular limitations of these types of sensors are described in the 
conclusions in section 8.2. For additional POST details and specifications see Dyer ei al. (1994). 
3.4 Summary 
The POST system is unique as it allows high fi-equency velocity and concentration 
measurements to be made within centimetres of the sea bed. Miniaturised sensors have been 
developed whic^ are able to m^sure the flow conditions and concentrations, at very precise 
heights (measured during emmersion), above a shallow water intertidal mudflat. The recorded 
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data provides information about the in-situ sediment transport processes. Additional "master 
variable" data such as CTD information can also be stored simultaneously via the POST 
recording system. 
The POST system has been successfully deployed on a number of different occasions. 
Christie ef al. (1996) describe the measurements in both the Severn and Humber estuaries, and 
this data is analysed in detail within this thesis. The system was also deployed in May 1996 
within the INTRMUD programme in the Ems Dollard estuary (Netherlands) and during a tidal 
current survey (for Mouchel and Partners Ltd.) in July 1996 at Minehead Bay. The system has 
worked well on all occasions, with only one operational fault when an OBS sensor failed. There 
were problems in accurately calibrating the fibre optic sensors during the Severn and Humber 
estuary experiments. The fibre optic cable proved to be sensitive to movement caused by high 
flow shear stresses, and fouling by debris. These two variables altered the transmission 
properties of the cable and so changed the concentration calibration response. The system has 
since been modified by replacing the four fibre optic sensors with miniaturised OBS units 
There are plans to use POST in 1997 during the INTRMUD project (within the MAST 
3 programme) in both the national and international field experiments. 
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Chapter Four: 
Humber 
estuar>' 
Data collection and processing 
The overall objective of this thesis was to investigate, in-situ, the sediment transport 
processes within the very shallow waters of estuarine intertidal 
areas. This chapter describes how data was collected and 
processed from two UK field experiments. The first experiment, 
described in section 4.1, examined wave dominated processes at 
Portishead in the Severn estuary; a site considered to be 
undergoing net erosion. Section 4.2 describes a complementary 
study of tidally dominated processes causing net accretion over 
the Skeffling mudflats in the Humber estuary. Data processing 
and analysis procedures are detailed by section 4.3. 
Severn estuary 
4.1 The Portishead experiment 
The first field experiment was carried out at Woodhill Bay, Portishead (figure 4.1) from 
21 to 27 June 1994. It was a collaborative study within the MAST 2 programme, involving 
IFREMER Brest (IFR), HR Wallingford (HR), Oxford University (OU) and the University of 
Plymouth (UP). The aim of this collaboration was to investigate the dynamics of estuarine 
intertidal areas, with UP using POST to examine the processes of erosion and deposition 
occurring in very shallow water. We focused on the high concentrations found at the water's 
edge during flood and ebb tides. This was the first time such extensive in-situ measurements had 
been made at this site. The experiment also allowed comparison of the results of measurements 
obtained from different sets of equipment. The following instruments were deployed: 
i) UP used POST to measure horizontal velocity, and concentration profiles, and 
the INSSEV (IN-Situ SEttling Velocity) system (described in Fennessy et a/., 1994) to measure 
in-situ floe size and settling velocity. 
ii) HR measured the turbulent velocity fluctuations in three components, using two 
conventional annular electromagnetic flowmeters deployed at one height. Concentrations were 
obtained from standard OBS sensors arranged at three heights. The changing elevation of the 
seabed was recorded during immersion by an acoustic scour monitor. Additional information 
was provided about in-situ erosion thresholds by the Instrument for Shear strength In-Situ (ISIS) 
system as described by Williamson and Ockenden (1996). 
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Figure 4.1 Location of Woodhill Bay, Portishead in the Severn estuar/. 
iii) IFR measured the three component turbulent velocity fluctuations at one level, 
using two spherical electromagnetic current meters, the suspended sediment concentration at 
two heights using OBSs, and also the wave height, water salinity and temperature. 
iv) OU measured the pore water pressure within the mud bed. 
Ancillary measurements were taken of the beach profiles, bed sediment characteristics, 
meteorological conditions, temperature, salinity, conductivity and water depth. 
4.1.1 The Severn estuary 
The Severn estuary was formed by the drowning of river valleys during the post-glacial 
sea level rise. As the rate of sea level rise decreased, estuarine mud and peat deposits formed 
along the coastline. The shoreline of the estuary was unstable over the last few thousand years 
having experienced a series of horizontal retreats and advances (Allen, 1987). 
4.1.1 .a Tula! characteristics 
The estuary has one of the highest tidal ranges in the worid. This is due to the combined 
effects of shelving, ftmnelling, reflection and resonance on the various tidal components. There 
is amplification of the 4 m tidal range at the mouth of the Bristol Channel, to ranges in excess of 
12 m inside the estuary. A point of maximum range occurs when tidal energy is dissipated at the 
same rate as topography concentrates the energy. For the Severn this occurs near where the 
fijnnel-like form of the main estuary changes to a parallel sided flat bottomed river section. The 
maximum range is found near the Severn road bridges, about 15 km to the east (upstream) of 
Portishead Point. The large tidal range given in table 4.1 below places the estuary in the 
"hypertidal" category (The Severn Barrage Committee, 1981) 
Table 4.1 Predicted Tidal Data for Avonmouth 
Metres ADD 
(above ordnance datum) 
Highest astronomical tide level 14.6 
Lowest astronomical tide level -0.2 
Maximum spring range 14.8 
Minimum neap range 5.5 
Mean spring range 12.3 
Mean neap range 6.5 
Speed (ms *) 
Maximum spring flood 2.3 
Maximum neap flood 1.2 
45 
The large tidal volume, relative to the freshwater flow, mean the estuary is vertically well 
mixed with respect to salinity and temperature (Stommel, 1953). The cycling of tidal energy 
over a large range means turbidity variations are dominated by the semi-diumaJ and semi-lunar 
timescales. Seasonal, meteorological and other changes tend to be of secondary importance. 
The tidal range and strong currents serve to create significant long-shore flows across the 
mudflats, which produce large advective effects. These present practical problems for erosion 
type measurements as the advective features are often difficult to distinguish from local erosion 
and deposition. A turbidity maximum can occur between Watchet and Gloucester. 
Samples of suspended sediment from within the turbidity maxima show a spatial 
uniformity of mineralogy. The clay particles consist largely of iilite (44 ±9%), quartz (23 ±3%), 
chlorite (19 ±6%) and kaolinite (4 ±4%) (Bryant and WUliams 1983). Over 70% of the primary 
particles are less than l | im in size (Williams and Bryant, 1979). This mineralogical uniformity 
results from the frequency and thoroughness of the tidal mixing in the estuary. However, 
variations in mixing timescales, together with the effects caused by suspended sediment upon the 
flow itself, and local topographic factors, produce large spatial and temporal changes in 
concentration. 
The hydrodynamics of the main estuary are largely determined by tidal eflfects rather than 
wave and salinity variations. However a more irregular hydrodynamic regime exists in shallow 
intertidal areas because of the influence of periodic currents and episodic wave activity (The 
Severn Power Tidal Group, 1989). 
4.1.l.b Sediment budget 
Kirby (1986) describes the stability and lateral asymmetry of the turbidity maximum. 
The sediment phase within the estuary fluctuates on semi diurnal and semi-lunar timescales, 
varying between a mobile, and stationary suspension. The quantities of fine sediment maintained 
in suspension between Watchet and The Shoots on mean spring and mean neap tides are 12.5 
million tonnes and 4.3 million tonnes respectively. On extreme spring tides these quantities can 
be much larger. 
During neap tides, advection transports the high concentrations along the turbid English 
side of the estuary. These slow moving features settle in the bottoms of the tidal channels, and 
depending upon depth mean concentration can form highly stratified layers. Acoustic 
measurements by Kirby (1986) show that these stationary suspensions have an internal layered 
structure. Kirby and Parker (1983) recorded accretion of mud in the deep water channels south 
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of CardiflFand Newpoa. Fluid muds thus form in the deeper channel areas. There can be gravity 
flow contributions from the shoulders of the channels, particularly on the English side. 
During spring tides there is increased mixing and settling of suspended sediment, 
accelerated by the fact that settling can commence as soon as flow velocities decrease, rather 
than being confined solely to the slack water period. Temporary, near bed, high concentration 
layers are able to develop during the settling phases of spring tides, with initial stabilities of 
hours. As the tidal range changes to neaps, these layers can remain for longer periods, often 
persisting for several days. 
The fluctuations in suspended solids population cannot keep pace with the changes in the 
hydrodynamic regime, and equilibrium suspensions rarely occur. This is in contrast with 
conditions often produced in laboratory flume experiments. Hysteresis effects in the suspensions 
extend from periods of less than an hour, to timescales similar to the spring-neap cycle. 
Woodhill Bay is situated to the west of the turbidity maximum position at high water. 
Mean concentrations at mid depth in the turbidity maximum vary between 0.5-10 gL'' depending 
on the flow conditions and supply of suspended solids. Arundale et ai (1994) also describe an 
ephemeral or semi-permanent lower estuary turbidity maximum. 
An important factor concerning the mudflats is the relationship between the suspended 
solids in the turbidity maximum and the sources and sinks of fine cohesive sediment on the sea 
bed. The deep channels between Flat Holm and The Shoots aa as neap tide traps for fine 
sediment as material is advected downstream. Spring tides produce higher shear stresses*, which 
return the material to the upper estuary where it can become part of the turbidity maximum. The 
proximity of Woodhill Bay to these channels means the mudflats are exposed to a large supply of 
suspended muddy sediment. 
Despite the high mobility of the suspended sediment, material enters and leaves the 
estuary at relatively low rates. Some sediment sources and sinks are internal to the estuary and 
include the immediate coastline and sub-tidaJ area. The river tributaries and the Celtic Sea can be 
considered external sinks. However, there is no evidence of large seaward movements of fine 
material from the estuary. The rivers which enter the Severn estuary are stable in the long term, 
with similar net rates of erosion and deposition, and so are neither sources nor sinks in the 
overall sediment budget. Fine sediment is supplied by erosion from the surrounding catchments 
and discharged into the rivers. The estuary carries approximately I M tonnes year*' from river 
discharge. The hard rock bed and coastal cliffs do not provide a major source of sediment. 
The torn "shear stress" refers to the bed shear stress (iii Nm'^ ) resulting from the flow conditions. 
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producing an estimated 0.2M tonnes of fine sediment a year. Erosion of saJt marshes contributes 
an estimated 0. I M tonnes of fine sediment. The second largest source of fine sediment is from 
the erosion of intertidaJ muds (not saJtmarshes). Observations from mudflat levels around 
Cardiff and Newport show that an average of 3 m erosion has occurred during the last 70 years. 
This amounts to an annual release of approximately 1M tonnes of fine material to the estuary 
(The Severn Power Tidal Group, 1989). 
There are several sediment sinks within the estuary. Land reclamation, sea defences and 
coastal erosion have reduced the importance of salt marshes as sinks. The intertidal zones are 
composed largely of relict sediments, though short term deposits can occur in calm conditions 
and as such the mudflats can act as localised, small capacity sinks. The subtidal zone is the most 
important sediment sink and probably receives as much as 2M tonnes annually. Artificial 
channels for navigation experience accretion but dredging reduces their importance as sink 
terms. However, the Severn Power Tidal Group (1989) point out that the Roath Dock Channel 
(near Cardiff) has not been cleared since last used in 1986. The annual rate of accretion within 
the Roath Dock is estimated to be of the order of 1M tonnes, and this value alone provides a 
significant term within the overall sediment budget. 
Discrepancies are large and arise through inaccuracies in many of the above estimates. 
The large intertidal source value may be overestimated and accretion in subtidal areas may be 
underestimated. There is particular uncertainty over the amounts of sediment which move 
seaward. The majority of the surface sediments in the estuary are continually reworked, and 
generally, sediment is only temporarily accreted or suspended depending on the tidal cycle 
conditions. This recycling process involves more material than is involved in the net budget. 
4.1.2 Woodhill Bay mudflats 
The experimental site was at Woodhill Bay in Portishead (figure 4.1 page 44, and plate 
4.1 overieaf), on the English side of the Severn Estuary. The geology of the region consists of 
folded Upper Palaeozoic rocks with Carboniferous outcrops of Black Rock Dolomite and the 
Lower Limestone Shale group at Portishead Point. Woodhill Bay is composed of Lower 
Limestone Shales which have been covered by recent tidal flat deposits (Savage, 1977). 
The beaches close to Avonmouth have a history of net erosion over the last 600 years. 
This was confirmed at Woodhill Bay by hard overconsolidated deposits of truncated layered 
sediments (plates 4.2 and 4.3). These overconsolidated bedforms were the result of long-term 
trends, which were the net result of shorter period variations. Variable thickness, under-
consolidated deposits of fine sediment were observed covering the harder layers, (plate 4.4) The 
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Plate 4.1 North-east view of Woodhill Bay, before the morning high water on 24/6/94 
Plate 4.2 South-east view along transect 2, with HR rig in the background, 25/6/94. 
Plate 4.3 Detail of over consolidated layers, ebb tide 8, 25/6/94. POST in lower left comer 
4^ ) 
deposition and erosion of mud seems to depend essentially on the degree of exposure to wave 
action, and the adveciive effects of mean tidal flows. Sudden bed level changes can occur due to 
storms and single events removing 0.1 to 0.2 m of material are not uncommon (University of 
Binmingham, 1989). 
The site at Woodhill Bay was selected for a variety of reasons. Recent investigations by 
the Severn Power Tidal Group, HR and the University of Birmingham (e.g. Freeman, 1994) 
have provided good background data. The land access to the top of the beach was ideal for the 
first major field deployment of POST. There were no requirements for boats at this site and the 
relatively narrow mudflat allowed equipment to be simply carried to the sample site. ETSU were 
particularly interested in field work studies within this region of the Severn estuary because of 
the tidal power enquiry. 
During the study, Woodhill Bay was exposed to a large tidal range, with a maximum 
spring tide at Avonmouth of 13.6 m on 24/6/94. The site was considered a wave dominated 
environment as prevailing South-westerly winds produced large swell and waves in the estuary. 
The beach profile is shown in figure 4.2. The profile for Woodhill Bay was thought to be 
influenced by the outcropping rock of Portishead Point, the nearness of the deep water channel 
and strong tidal currents (The Severn Power Tidal Group, 1989). 
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Figure 4.2 Mudflat profile at Woodliill Bay (transect 2) 24/6/94 
The mudflat at the mid-tide level of the study area was made up of 5 - 10 cm thick layers of 
over-consolidated mud separated by thin sandy horizons, with underlying harder material. The 
layers were thought to reflect the history of erosion and deposition in the area. The hard surface 
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layers (in plate 4.3) were often covered by several centimetres of underconsolidated fluid mud 
(see plate 4.4) and these weak surface layers were readily resuspended by subsequent wave 
activity. These weak mud layers formed temporary deposits of similar lime scales to the fluid 
muds recorded by Kirby and Parker (1983) in the sub-littoral channels of the estuary. The 
surface layers were formed by settling of suspended sediment during earlier immersion. Despite 
proximity to the high velocity tidal flows (>1.0 ms'*) in the main tidal channel, mean current 
speeds across the mudflat were relatively low. Portishead Point (in figure 4.1) prevented strong 
tidal flows forming across the mudflat, and most turbulent flow over the beach was caused by 
wave activity. An interesting feature of the flow field in Woodhill Bay, was the generation of a 
weak tidal eddy, which generated longshore flows across the mudflat at some stages of the tide. 
4.1,3 Site survey 
A control station was established on the promenade by resection from three landmarks 
whose co-ordinates (as Eastings and Northings) were scaled from an Ordnance Survey (OS) 
1:1250 map. The new station was levelled from a local OS bench mark (BM 8.33). Having 
established OS local grid co-ordinates of the new station, beach topography and instrument 
positions were surveyed with the assistance of Paul Fisher (another Plymouth researcher) using 
tacheometry, using Portishead Point Lighthouse as a reference object. Three cross-shore 
transects were set up and the beach level was measured at representative points along these three 
lines. Figure 4.3 shows a plan view of the mudflat site with all the instrument positions and the 
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Figure 4.3 Detail of instrument positions across Woodhill Bay 
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alignment of the three transects, where the transect 2 profile is shown in figure 4.2 and typical 
cross shore bedforms are illustrated by plate 4.2. 
4.K4 Equipment deployment 
The computer recording system, electronics and power supplies were housed in a van 
parked on the promenade, overiooking Woodhill Bay. The top 80 m of the beach below the 
mean high water mark was composed of pebble to boulder sized material, which gave way to the 
mudflat. Using 200 m of cable, the lowest point on the mudflat for sampling was just below the 
mid-iide level. 
The EMCMs and turbidity probes were mounted onto a 2 m long scaffold pole ft*ame 
which was pushed vertically into the mud. No problems were experienced with subsequent 
movement of the pole during sampling. Great care was taken not to disturb the surface of the 
mud underneath the sensors as this would introduce artificial eflfects. To avoid this problem, a 
surrounding fi-ame was constructed fi-om sections of tower scaflfolding allowing personnel to 
work above the bed, so leaving an undisturbed area approximately 2 m * 2 m around the sample 
site, as shown by plate 4.5 overieaf 
Plates 4.4, 4.5 and 4.6 also show a typical instalment set up. The EMCM and turbidity 
probes were deployed at four different heights above the mud bed. This allowed an investigation 
of the velocity and concentration profiles close to the bed. The flowmeters were aligned to 
measure the horizontal longshore and shore-normal components of velocity. Each EMCM had 
one optical turbidity probe mounted close to it so that the two different probes sampled at the 
same level. The velocity data could thus be directly related to turbidity data for the same probe 
"pair". The analogue to digital conversion units and electronics casings were buried in the mud 
about 5 m away from the monopole frame. The power and data cables were then run back up 
the beach, to the recording system in the van. 
Each of the participating groups deployed one fi"ame holding a variety of instruments. 
Figure 4.3 shows the frame positions for all the groups throughout the week. The OU pore 
pressure sensor and the FNSSEV instrument were deployed at one position for the whole week 
while the other frames were placed at several positions across the mudflat during the course of 
the experiment. At the start of the week, all the groups deployed their instruments close to one 
another to allow intercomparison of data at the same tidal level (i.e. I , 3 and 5 in figure 4.3, and 
also shown by plate 4.5). A common instrument reference height of 30 cm above the mean bed 
level was chosen, with all fi-ames having one set of probes at this height. 
UP sampled four "tides" at POST location I (figure 4.3). Data recording started as the 
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Plate 4.4 Showing surface fluid mud deposit and POST sensor detail. End tide 4, 23/6/94 
Plate 4.5 Equipment deployment Pre-tide 1, 21/6/94. Left - right, UP, HR, and IFR. 
I 
Plate 4.6 POST at start of tide 1, 21/6/94. Note wave heights fi-om 20cm ranging rod marks 
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flooding tide covered the lowest probes and continued over high water, finishing when the 
probes were completely uncovered by the following ebbing tide. Thus, a "tide" sampling period 
lasted about 6 to 8 hours depending on POSTs location on the mudflat. After these four tides, 
the fi-ames were moved on 23 June, to make a vertical transect (i.e. locations 2, 3 and 6 in figure 
4.3) in order to investigate spatial differences across the mudflat. POST was moved to location 
2 in figure 4.3. Two tides were sajupled at this location. Finally, POST was moved on 24 June, 
into a nearby runnel, also shown by position 2 in figure 4.3, to examine the influence of this 
channel feature upon the sediment movement. Two tides were sampled in the ainnel, and eight 
tides were sampled in total. 
A variety of weather conditions were observed during the week. Table 5.4, page 76 
gives the wind speed and direction throughout the week, with a summary of the wave conditions 
and sediment movements. The difl^ erent meteorological conditions resulted in both erosion and 
deposition, with an associated range of velocities and turbidities. Tidal conditions throughout 
the experiment varied fi-om neaps to springs, with the largest spring tide being on the night of 
Friday 24ih. 
The turbidity meters had been pre-calibrated using a sample of surface sediment fi-om the 
site. The gains were set to accommodate expected maximum suspended sediment 
concentrations of 20 gL"V However, after early stormy conditions, the OBS gains were 
increased as such liigh concentrations were not recorded. Careftil in-situ calibrations were made 
in between tides to ensure that reliable concentration values were maintained. One OBS sensor 
failed midway during the week and this was replaced. There were no other equipment failures. 
The EMCM flowmeters were calibrated in the laboratory before the experiment and the offsets 
checked in the field. The sensors fijnctioned well all week, requiring little maintenance in 
between tides. Frequent CTD measurements were also taken. Time series of mean depth values 
were calculated by fitting a 3 rd order polynomial to the intermittently recorded CTD depth data 
(such that values were > 0.95). 
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4,2 The Skeffling experiment 
A second field experiment was carried out in the Spurn Bight o f the Humber estuar>' 
(shown in figure 4.4). This formed pan o f the LISP UK programme. A large, multi-disciplinary 
investigation of the Skeffling iniertidal zone was carried out during April 1995. by teams from 
Canada and the U.K. Over 50 scientists from 14 institutions worked on site during the first three 
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Figure 4.4 The Skeffling mudflats of the Spurn Bight 
weeks of April. Many different variables were studied to provide an integral picture o f the 
processes which occurred over a natural mudflat. Physical, chemical and biological properties o f 
the upper mudflat sediments were examined. The scientific team focused on water column 
processes and the bed level changes associated with the tidal flow across the mudflat. The 
following variables were measured during the whole LISP programme:-
• Macro, meio- and microbiological characteristics 
• Primary production, enzyme activity. 
• Pore water pressure and flux. 
• Sediment erodibility and bed level. 
• Physical, geophysical and geochemical characteristics. 
• Spectral reflectance (remote sensing) 
• Salt-marsh deposition. 
• Tidal current, velocity, flow turbulence. 
• Suspended particulate matter. 
• Suspended panicle size, density and settling velocity. 
• Vertical velocity and suspended sediment structure. 
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Emphasis was placed on the role that biological cycles have on the sediment dynamics o f 
the mudflat, particularly examining the stabilising or destabilising effects o f micro- and macro-
organisms. A time series approach allowed investigation o f the way the sediments behaved in 
relation to cyclical forcing, such as tidal flow and the day and night cycle. This work is currently 
in press and the final collaborative report will be published as a special edition journal. 
This thesis examines velocity and concentration data obtained by POST from 13 to 20 
April. POST was deployed to investigate nearbed characteristics o f suspended particulate matter 
and turbulence during resuspension events, specifically focusing on the high concentrations in the 
leading edge of shallow water as the tidal waters moved across the mudflal. Where appropriate, 
reference is made to complementary data obtained by other groups during the April study period. 
4.2.1 The Humber estuary 
The Humber is the largest estuary in the U.K. having a catchment area o f approximately 
24,240 km^. The well mixed estuary is estimated to carry the effluent from one fifth o f the 
population o f England, and has important control over the water quality o f the adjacent North 
Sea. The estuary limits are taken to be fi-om the convergence o f the rivers Trent and Ouse, at 
Trent Falls (not shown), to a seaward limit at Spurn Head, along a 62 km. centre line. Spurn 
Bight is the area enclosed to the West o f Spurn Head, as shown in figure 4.4. The Bight is 
approximately 15 km long (West to East) and 10 km wide, and maximum depths at high water 
exceed 18 m. The outer Humber is a post-glacial feature formed during the recent sea level rise. 
The old glacial coastline consists o f buried cliffs close to the Humber bridge and the old estuary 
entered the sea approximately 45 km to the West o f Spurn Head. 
4.2.1 .a Tidal characteristics 
Tidal effects are important, producing a maximum Spring tide range in excess o f 7 m. 
and peak current speeds o f 2.0 - 3.0 ms'' in the main channel (Gameson, 1982a). At Grimsby 
the average tidal range is about 5 m. In the lower Humber the tide curve is sinusoidal but 
becomes distorted with distance upstream. Changes in current direction do not necessarily 
coincide with high and low water. Around Grimsby at high water, there is often no water 
movement for up to an hour through the body of the main channel. 
The tidal rise and fell has a significant effect on the morphology o f the lower Humber. 
At low water, large areas o f mudflats and salt-marshes are exposed in both the upper and lower 
estuary. Around Hull, in the middle o f the estuary, this effect is less marked as the estuary banks 
are generally steeper. The volume of water passing Spurn Head during a typical spring tide is 
about l.TxlO^m"'. Salinities in the Bight are basically 100% seawater. 
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4.2.1 .b Suspended sediment 
The main body of the estuary can contain very high concentrations, in excess o f 6.0 gL ' ' 
within the turbidity maximum during a typical spring tide. The turbidity maximum is found in the 
vicinity o f Trent Falls (about 60 km upstream from Spurn Head). However, in the mouth o f the 
Humber concentration values are usually less than 1.0 gL"'. Concentrations can vary by an order 
of magnitude, both temporally and spatially, primarily in relation to tidal eflfecis. At certain 
phases of the tide, vertical stratification can occur with concentrations increasing closer to the 
bed. These high concentrations can result in rapid accretion across the covered intertidal areas at 
slack water. 
The intertidal sediments are supplied from nearshore erosion, particularly around the 
Holdenness coastline (O^Conner, 1987). A pronounced flood dominance means there is a net 
input o f sediments from the North Sea. This sediment is probably transported into the estuary as 
both bed and suspended load by tidal currents. 
4.2.1.C Sediment budget 
There is a net landward transport o f fine to medium sand in the lower parts o f the 
Humber estuary. It is estimated there are many thousands o f tonnes o f sediment in suspension, 
and small differences between ebb and flood tides lead to a net annual transport amounting to 
millions o f tonnes o f sediment. Hydrographic data show the volume o f the Humber was reduced 
by 7% from 1851 to 1966. This change results from land reclamation as well as sediment 
accretion in the deep water channels. The mouth o f the Humber is dominated by a three channel 
system, and a single deep channel leads to the middle Humber. The littoral zones are relatively 
stable and act as temporary sinks for suspended sediments. Measurements indicate that seasonal 
variations in the intertidal level are o f a few centimetres. A 5 cm height variation would amount 
to over 10* m^ o f sediment. 
4.2.2 The Skeffling mudflats 
About 30% o f the total area o f the Humber Estuary is exposed at low water. A large 
proportion of this area is within the Spum Bight and consists partly o f the muds and sands to the 
North o f the Bight between Sunk Island Sands and Spum Head (figure 4 .4). There is a history 
of land reclamation from shoals along this shoreline dating back to the 17th century. (Sunk 
Sands were reclaimed in 1666 and received the name Sunk Island). By the 20th century, further 
accretion and reclamation had attached Sunk Island to the mainland (De Boer, 1979). The 
Skeffling mudflats are shown in figure 4.5. Over high water the upper mudflats are covered by 
approximately two metres o f water, and the mean current velocities are low. It is therefore 
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Figure 4.5 Skeflfling mudflats (from the International Chart Series No. 1188) 
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primarily a depositiona! environment, although Gameson (1982b) points out that there can be 
seasonal variations in bed level o f order 5 cm. The mudflats cover boulder clays o f vaiying 
thickness from 0.6 to 4.0 m. The boulder clay outcrops in places along the low water line. A 
single shore-connected, deep channel (called the Patrington channel) crosses the mudflat west o f 
Skeffling, carrying water seaward from Winstead Drain. A series o f channel systems (0.5 - 2.0 
m deep) traverse the lower intertidal zone south of Skeffling (see plates 4.7 to 4.9 overieaf). The 
mud typically contains > 50% silt and clay sized particles, and has an organic content o f 2-3% by 
weight (Morris, 1994). The Skeffling sediments are biologically active. During late spring and 
summer, diatoms and filamentous algae are visible on the surface of the mudflat. These 
organisms support a diverse and stable macro-fauna. Morris (1994) notes that species variety 
has not changed greatly since 1981, due to the good quality environment o f the relatively clean 
and unindustrialised Skeffling mudflats. 
4.2.2.a Cross shore detail 
The Skeffling intertidal zone was approximately 5 km. wide, extending from the salt 
marsh down to the lowest astronomical tide (LAT) level. From Admiralty chart data (no. 1188) 
the mudflat drops about 4.9 m over this distance, corresponding to a mean gradient o f 1:800. A 
echo sounder survey o f bathymmetry was carried out by other researchers as part o f the LISP 
UK '95 preliminary site survey. The length o f the cross shore survey line was 2675 m and 
approached to within 425 m of the salt marsh. The mean gradient o f the upper region o f the 
mudflat was 1:1130, and the top 500 m expanse o f mud (at 4.9 m above chart datum (ACD)) 
had a fairly flat level profile. The profile then sloped gently to around 2 km offshore, where it 
was crossed by a number o f broad channels, 1 to 1.5 m deep. Beyond 3 km offshore the 
gradient o f the intertidal increased down towards the L A T level. 
A 2.4 km long cross shore transect was set up over the mudflat to provide a base line for 
the April work. This transect was aligned 197** to True North and divided into four areas 
referred to as Stations A, B, C, and D, shown in figure 4.5. The central locations of these 
stations are given in table 4.2 and the time of immersion of each station is given in table 4.3. 
The rate of water level rise is a ftjnction o f the tidal range and thus changes daily. The 
time o f immersion o f a particular site (in table 4.3) was calculated by noting the low water datum 
and the increase in tidal height with time taken from the appropriate tide curve. 
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Plate 4.7 Detail o f lower intertidal morphology Site C, facing * South, 13/4/95. 
Plate 4.8 Showing stem of grounded vessel and bedforms at Site C, facing S., 13/4/95 
Plate 4.9 POST sensors and bed frame, orientation=170°. Pre-tide 1, 13/4/95. 
(.0 
T a b l e 4.2 Positions of snmple stations 
Station Drying Height 
(ACD) 
Horizontal 
Distance 
(m. f rom shore) 
GPS Co-ordinates 
of Station centre 
North East 
A >4.9 0 -200 053" 38.5 000** 4.25 
B =^.9 450- 550 053" 38.4 000" 4.10 
C ^ . 0 1600- 1750 053" 37.6 000" 3.80 
D ^3.4 2200 - 2400 053° 37.45 000" 3.86 
T a b l e 4,3 Time of immersion (relative to L W at Grimsby) 
Station A (High Shore) Low water +5 hours 
Station B (Upper Mid-shore) Low water +4 hours 20 minutes 
Station C (Lower Mid-shore) Low water +3 hours 25 minutes 
Station D (Low Shore) Low water +2 hours 50 minutes 
Tables from Black pers comm. 
4.2.2.b Cross-shore nwrpholojiical chaiif^cs 
There were significant variations in the surface structure o f the mudflat between the high 
and low water levels. The following section (adapted from field notes by Dyer) describes the 
surface morphological changes observed when moving oflT shore, down the mudflal. Station A 
was smooth and flat, with small ripples of 0,5 to 1.0 cm high and approximately 10 cm 
wavelength. There was a I to 2 cm thick layer o f soft mud lying on top o f harder silty material. 
The surface of the mud did not dry out significantly during exposure. The surface ripples 
reflected underlying runnel features which became more developed and apparent with distance 
off-shore. Bedforms at Station B consisted of shore-normal runnels about 0.5 to 1.5 m wide. 
Sediment layers were exposed on the insides o f the runnels, which were approximately 15 to 20 
cm deep. The runnels fonned part o f a larger cross-shore network. The runnels branched 
repeatedly to form larger channels. The scale of the channel features increased o f f shore towards 
Station C, becoming approximately 1.0 to 1.5 m deep and 2.0 to 3.0 m wide. The bottom of the 
channels were typically 30 to 50 cm wide and covered with exposed shell debris. The channel 
sides were steep and stable, with no signs o f erosional activity, and were made up o f exposed 
layers o f sediment 10 cm thick). The largest channels were spaced at 30 to 50 m intervals. 
The channels continued to branch and divide, and became deeper and wider towards the LAT 
level. A network o f smaller runnel features, about 10 to 15 cm high and 2.0 to 3.0 m 
wavelength, remained in between the channels. Some of these runnels crossed the larger 
channels and thus appeared to be present before the formations o f the channels. At Station D the 
largest channels were still present but by branching had rejoined and formed a diamond lattice 
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arrangement. Small ridges (height 10 cm) ran over and across the larger channels. These ridges 
were aligned in the direction of the final hour of ebb flow. The largest channels were observed at 
100 m intervals, and had developed into individual creeks. The author considers these channel 
structures are caused by the surface water which drains o f f the higher mudflat after the mudflat 
has been emmersed. This water flows down the hierarchy of ripples and runnels and it converges 
into the large channels which are maintained by the large volumes of water flowing offshore. 
4.2.3 Equipment deployment 
POST was deployed at four locations close to the shore normal transect in figure 4.5. 
Seven sets of time series measurements were taken, being called "Tides" 1 to 7 respectively. 
The sample dates and positions are summarised in table 4.4, and are plotted in figure 4.5. A 
pressure transducer was also mounted on the bed ft-ame in order to measure depth. 
Table 4.4 "Tide number" and position for all POST deployments 
Station Tide Nos. Date GPS position of POST 
A 2 14/4/95 pm 053° 38.423'N 000° 04.138'E 
3 15/4/95 am 
B 4 18/4/95 pm 053° 38.193'N 000° 04.091'E 
5 19/4/95 am 
C 1 13/4/95 pm 053° 37.997' N 000° 03.876" E 
D 6 20/4/95 am 053° 37.445* N 000° 03.840'E 
7 20/4/95 pm 
POST was deployed fi-om the side o f a flat bottomed boat onto the mudflat. To obtain 
measurements from a flood tide, the boat was allowed to dry out on the mudflat after anchoring 
in position. The rig was lowered onto the exposed mudflat and carefully aligned to measure the 
two horizontal components o f flow (e.g. plate 4.9). Measurements commenced as the flooding 
tide covered the sensors and ideally, finished when the rig was uncovered by the ebbing tide. In 
practice as water depths increased, the boat floated oflf the bed, and the rig was recovered before 
the vessel drifted too far o f f station. To record the ebbing part o f a tide, POST was lowered 
onto the bed while the vessel slowly grounded, as depths decreased. Data recording ceased 
when all the sensors were exposed by the falling water level. The "tides" described consist 
therefore o f only part of the flood or ebb cycle. There was a certain amount of noise at the start 
and end o f each record as the sensors were covered and uncovered by the water surface. 
E M C M offsets were tested at the beginning and end o f every "tide" to measure any drift 
that occurred, both during the record and with time throughout the week. In-situ optical 
calibrations were carried out before Tides 2, 5 and 7. Water samples were obtained during tides 
6 and 7, allowing concentration to be measured by gravimetry, for comparison with the OBS. 
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4.3 Signal processing 
This section describes the methods used to process the recorded binary data into 
calibrated times series o f velocity and concentration. The analogue signals were amplified, 
filtered and converted to binary files before being stored onto hard disk. The stored binary files 
(summarised in tables 5.3 and 6.1, in chapters five and six respectively) were converted to ASCII 
format by a D.O.S. based programme (written by Valeport Ltd.). The comma-delimited files 
were then converted to velocity and concentration values using appropriate algorithms, derived 
from the individual calibration curves. Section 4.6 describes the approaches used to calculate 
bed shear stresses and associated parameters from the master data. 
The first stage in the data analysis was to examine the raw time series to identify when 
noise was a problem. It is notoriously difficult to separate noise from data, especially for 
turbulence measurements, and common sense was largely used to solve the problem. Files 
recorded at the start and end o f a data run, when the sensors were exposed to the air, consisted 
o f completely noisy data. These files were rejected. The remaining time series was fijrther 
examined prior to detailed analysis for spurious spikes and noise, caused by covering and 
uncovering of the sensors. Such noise was removed using common sense together with a simple 
smoothing routine where data values greater than 4a (where a = standard deviation o f the data) 
were removed from the time series and replaced by an interpolated value equal to the mean o f 
the two adjacent data points. 
Direct computations examined variations in mean values within the time domain, while 
spectral analysis was used to study the fluctuating components o f the data in the frequency 
domain. The results presented in chapters five to eight were obtained from these two different 
approaches to the time series. All data shown were from each sensor while it was completely 
covered by water. Periods o f wetting or unwetting are not showtv unless specifically mentioned. 
The sensor heights above the bed are generally given by the graph legends. The heights were 
accurate to the nearest half centimetre due to the presence of small scale bedforms. 
4.4 Frequency domain analysis 
Frequency domain spectral analysis was carried out on the demeaned and detrended time 
series. Any trend was removed by a linear interpolation through the time series. The time series 
of u(t), v(t) and c(i) were fast Fourier transformed to determine the distribution o f variance with 
frequency. Considering the power (energy) o f a waveform is proportional to the amplitude 
squared, which is proportional to the variance, these spectra are called power spectral density 
(PSD) functions or variance spectra. The Fourier transform o f the time series is made up o f a 
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real part (a), and an imaginary part (hj). The raw spectral estimates o f the PSD are given by the 
((/ + h^) value for each frequency bin (Priestley, 1981). The units o f spectral density are m V 
for velocity and g V ' L ' ^ for concentration (the spectra were normalised). Sequences o f 4096 
data points (3 minutes 47 seconds duration) were used in the spectral analysis, for both the 
Portishead and Skeffling data. The time series was divided into 15 overlapping (by 50%) 
segments, and a Hanning window with a correction factor (to account for leakage etc.), was 
applied to the data. The 95% confidence limits are shown on the PSD graphs in chapters five 
and six, where the interval is equal to 0.45 of a logarithmic decade. All the spectra have 27 
degrees o f freedom. 
4.4.1 Cross-spectral analysis 
Fluctuations in velocity contribute to net suspended sediment transport when there are 
correlated fluctuations in concentration at the same frequency, particularly i f high concentrations 
occur at times o f large velocities. There is no net oscillatory sediment transport when the 
velocity and concentration fluctuations occur at different frequencies, since their product will 
then average to zero over time (Huntley and Hanes, 1987). A measure o f the oscillatory 
transport contribution, due to motion at a particular frequency, is the cospectrum between 
velocity and concentration at that frequency. The velocity and concentration time series often 
had trends which were removed by the spectral analysis procedure. The total oscillatory flux, 
tenmed u'c\ was thus the sum of this ''trend flux" and the cospectral estimates. The 
cospectrum was calculated as part o f the cross-spectral analysis procedure used within the Math 
Works Inc. M A T L A B software package (N4ATLAB version 4.2c, 1996), and this was used to 
calculate the power spectral density, cross spectral density, and coherence^ of the two data 
series. The upper 95% limit is shown on the coherence plots in chapters five and six, following 
Thompson's (1979) method. 
4.5 Sediment fluxes 
The mean and oscillatory fluxes (in kgm'^s"') were calculated for each file, from each o f 
the four sensor pairs, in the cross and long shore directions i.e. ?/ c , v c , u'c', and v'c'. 
These results were plotted to give the flux time series figures shown in chapters five and six. i.e. 
u c and w'^' in the cross- and longshore directions (where dcmn denotes demeaned data). 
/4096 A 
Where: u c 
He 
(4.5.1) 
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4.6 Time domain analysis 
Mean values o f velocity and concentration were calculated for each file and used to show 
the trends over the sample period. Velocity infonnation was recorded at four different heights 
above the bed. Direction was calculated from the two measured components o f flow, using the 
arctangent fijnction. The resulting angles were then converted to a bearing in degrees and were 
corrected to True North. 
4.6.1 Sea surface elevation 
The velocity time series were analysed in the time domain to characterise the surface 
wave parameters and the associated changing effects on the bed shear stress. Variations in the 
sea surface elevation were calculated ft-om the depeaked, demeaned and detrended cross-shore 
(;/) velocity time series with the assumption that the waves were progressing directly onshore. 
This approach was followed as for the majority of wave dominated data, longshore velocity 
variance values were typically less than 10% of the cross shore variance values. 
Traditionally in sediment transport studies Hma and Hxn (average of the highest one 
tenth and one third of the waves) are used to characterise a natural irregular wave field. These 
parameters have no physical meaning (Fredsoe and Deigaard, 1992) and the recent trend (see 
Van Rijn 1990, and Madsen et al. 1993) is to use the root-mean-square height (RMS), which 
better represents the energy in the wave field, for the significant wave height (//,). This "RMS" 
approach has been followed here. Likewise, an appropriate mean value is often used to 
represent the wave period. For this study the significant wave period was taken to be the period 
at the peak o f the velocity power spectrum. 
4.6.2 Bed shear stress calculations 
Shear stresses due to mean currents, waves and the combination o f waves and currents 
were calculated individually in order to identify the dominant hydrodynamic forces involved in 
the sediment dynamics (i.e. erosion and (or) transport). This approach was hampered somewhat 
by differences between the theoretical methods, and the resulting effects on the calculated shear 
stress values, as discussed in more detail in the next few pages. 
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The bed shear stress generated depends upon both the speed o f the flow and the 
roughness o f the sea bed. Warwick and Uncles (1980) found a close correlation between the 
peak shear stress and the observed bed type from tidal measurements in the Bristol Channel. It 
must be remembered that the calculated shear stress values are very sensitive to the choice o f Zo. 
The roughness o f the seabed can be measured by the Nikuradse's roughness A,, which is 
commonly related to sediment grain size D50 by: 
k, = 2.5D,o (4.6.1) 
Alternatively the seabed roughness can be described by a roughness length Zo as derived from the 
measured velocity profiles. In practice the measured velocity profiles did not always fit the 
logarithmic law (discussed below) and it was not possible to obtain reliable values for Zo from the 
velocity data. Values for D50 were not recorded. Thus a fijndamental assumption had to be 
made about the roughness regime of the study area in order to calculate the bed shear stress. 
Measurements o f Zo from logarithmic profiles by many authors over a variety o f substrates were 
examined by Heathershaw (1981). Soulsby (1983) reworked Heathershaw's (1981) results to 
derive a geometric mean and variation factor for z^  values for various sea bed types. For this 
study, from Soulsby (1983 and 1994), a value of 0.02 cm was used to represent Zo for a smooth 
flat mud bed. This roughness value was obtained assuming an equilibrium sediment distribution, 
at the time of peak velocity, based on bottom type alone. A simple calculation indicated the 0.02 
cm value was too large to represent the roughness of individual cohesive sediment grains as: 
= 30 Zo = 2.5 D 3 0 -•• = => Z^ 5o = 0.24 cm =^  100 * typical particle size. 
However flocculation and aggregation o f sediment particles would have produced an in-situ D50 
which was closer to the 0.24 cm value. The 0.02 cm value used for the roughness length also 
accounted for any very small bed forms that may have been present. Indeed, for large bedforms 
it was more likely that = 0.02 cm was an underestimate, with important consequences for the 
calculated bed shear stresses. Thus, Zo = 0.02 cm was considered the most suitable value to 
adopt for the roughness length from all the available information. Values o f Zo typically vary by 
an order o f magnitude from the smoothest to roughest seabed substrate, illustrating the 
difficulties o f using a constant roughness length for all the data. 
Although strictly speaking the linear theory used for some of the wave descriptions is 
limited to use outside the surf zone, and the measured velocity profiles did not always fit the 
logarithmic law, the calculated shear stresses provided a usefiji indication of the comparative 
forces acting on the bed during the measurements. Because diflferent approaches were used 
some care is needed when directly comparing the magnitude o f the shear stress results. This is 
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discussed below, particularly regarding the sensitivity o f TC results to the choice o f Zo, and when 
comparing the calculated values of the shear stress due to waves with the calculated shear 
stresses due to the combined action o f waves and currents. 
Bed shear stresses were calculated for every third file (i.e. every 11 minutes 22 seconds) 
using the mean data for that particular file. A linear interpolation was then used to provide shear 
stress values per file, i.e. every 3 minutes 47.5 seconds. 
4.6.2.a Shear stress due to currents 
Shear stresses due to mean currents (TC) were calculated for each 3 minute 47 second 
velocity time series file, using a logarithmic velocity profile approach, thereby assuming an 
approximately constant shear stress with height from the bed. It was considered that this 
approach would be suitable and provide good estimates o f the bottom shear stress. However the 
measured velocity profiles did not always fit the law o f the wall. In these cases, when the 
measured profiles were used, the calculations produced erratic and unreasonable estimates o f 
bottom shear stress. 
There were two possible reasons for the discrepancies. Glenn and Grant (1987) note 
that vertical stratification o f suspended material may effect the nature o f boundary generated 
turbulence and the eddy viscosity. Stratification has the eflTect o f increasing the shear o f the 
velocity profile. This introduces a concave downwards curvature into a semi-logarithmic plot o f 
velocity vs. height (Sandford ei a/., 1991). This results in estimates of shear stress and 
roughness that are much too large, i f the profile is forced to fit the law of the wall (Dyer, 1986). 
From data collected in this study it was not possible to confirm i f this phenomenon occurred or 
the relative importance o f such stratification effects on the velocity profile, because there were 
problems in obtaining accurate zero flow offsets for the EMCIVTs. An error o f 100 units could 
produce an uncertainty o f 0.10 ms ' in the mean velocity value o f one flow component. Couple 
this with a similar uncertainty for the other flow component and the total resultant mean flow 
error could exceed 0.14 ms V This size o f error in a velocity profile would cause significant 
deviation from the logarithmic profile. Because o f these uncertainties, the mean velocity value 
from one of the near bed sensors was used to calculate the shear stress due to currents using 2o = 
0.02 cm, by fitting an assumed logarithmic profile to the velocity value, and so calculating the 
depth mean velocity value (i.e. <//)). 
Following Fredsoe (1984), equation (2.1.2) may be expressed (where V = the mean 
current velocity, and z is height above the seabed) as either: 
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In or 
K 
l n ( z / - - J - l 
(4.6.2) 
Substituting different values o f r., into (4.6.2) allows the effect o f different roughness values on 
the calculated bed shear stress to be quantified. For example, when - = 1, /v = 0.4 and K = 1, the 
T a b i c 4.5 Sensitivit>' of results to choice of s.., when compared to = 0.02 cm 
Zo (cm) Equivalent 
bottom type 
From equation 
(4.6.2) f / . = 
Factor variation 
of M -
Percentage 
variation of 
0.005 Silt/sand 0.0449 0.844 -29 % 
0.01 - 0.0487 0.915 -16% 
0.02 Mud 0.0532 1 0 % 
0.03 Sand/shell 0.0562 1.057 + 12% 
0.04 Sand (unrippled) 0.0586 1.101 +21 % 
0.07 Mud/sand 0.0638 1.199 +44 % 
0.1 - 0.0677 1.272 +62 % 
0.3 Gravel 0.083 1 1.563 + 144% 
0.45 - 0.0908 1.707 + 191 % 
0.6 Sand (rippled) 0.0971 1.826 +233 % 
3.5 
o 
1.5 
1 4-
0.5 4-
0.1 0.2 
Variation of bed shear stress witliz^ when 
compared 10^,,= ^-^^ cm 
0.3 
z „ ( c m ) 
0.4 0.5 0.6 
Figure 4.6 Sensitivity o f calculated bed shear stress to choice of Zo. 
(expressed as a factor of tlie shear stress value for Zo = 0.02 cm) 
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data in table 4.5 are produced. These values are approximately valid for 0.05 m < z < 100 m 
which amply covers the velocity measurement conditions. 
Table 4.5 shows that, when compared with a shear stress TC calculated using Zo = 0.02 
cm, there would be considerable enhancement in TC i f values o f Zo actually exceeded 0.1 cm. 
These results are plotted in figure 4.6. 
4.6.2.b Shear stress due to waves 
Bed shear stresses due to waves were calculated from each 3 minute 47 second velocity 
time series file by using an appropriate wave friction factor in Jonsson's (1966) relationship: 
^H. = ^ P ^ f j d where //b = LL^s (4.6.3) 
The wave finction factor/w (in (4.6.3)) was calculated from Soulsby's (1994) expression 
(4,6.4) below. The sea surface variations consisted o f a spectrum of waves o f different heights, 
periods and directions. Following Soulsby (1994), the time series o f wave orbital velocity 
recorded near to the sea bed were used to define a wave activity parameter t/nm equal to the 
standard deviation of the velocity time series. Thus/« was obtained by: 
A = 1-39 (4.6.4) 
where- A = ^ ' ^ ^ " ^ ^ = the semi-orbital excursion. (4.6.5) 
I n 
^^nru = V("-«^ ^'rms^) " ^^"^^ HCtivity paTamctcr (4.6.6) 
Equation (4.6.4) was obtained by Soulsby (1994) fitting the two coefficients to 44 measured 
values o f f w . The mean shear stress due to waves (TW) was calculated using Ujm equation 
(4.6.3). The TW value was considered to best represent the net eflfect o f the wave energy on the 
sea bed, being analogous to a type parameter because o f the root mean square wave activity 
parameter. 
4.6.2.C Shear stress due to mtves and currents 
Bed shear stresses due to the combined effects o f waves and currents were calculated 
from each 3 minute 47 second time series file using version 1.0 o f the H.R. Wallingford 
SANDCALC parametric model. In order to use this model, some assumptions needed to be 
made for various limiting parameters. These are listed in greater detail within chapters five and 
six, sections 5.7 and 6.8, for Portishead and Skeffling respectively. A depth mean velocity value 
was calculated from the mean velocity data. The periods o f the incident waves were obtained 
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from the wave spectra. It was decided to adopt a parameterisation o f the model by Huynh-Tanh 
and Temperville (1991) to calculate the combined wave and current bed shear stresses, as this 
was used extensively by other workers in the MAST 2 G8M research programme. Both the 
mean (r^ )^ and maximum (rucmiO bed shear stresses during a wave cycle under combined waves 
and currents were calculated. The threshold o f sediment movement is determined by the 
maximum bed shear stress value, while the diffusion o f suspended sediment is determined by the 
mean bed shear stress value (Soulsby ai, 1993). 
4.6.3 Theoretical limitations 
4.6.3.a Ursell parameter 
In order to help describe the dominant erosion processes it was necessary to define the 
limits for the theoretical approaches used in the shear stress calculations. Because of the variety 
of conditions experienced during sampling these limits changed from tide to tide The Ursell 
parameter was used to give an indication o f the range over which sinusoidal wave theory was 
applicable. The Ursell parameter can be defined by: 
HL: 
= —r (4.6.7) 
Such that for: 
Ur< 15: Sinusoidal theory was applicable. 
Ur > 15: Cnoidal theory would have yielded more reliable results. 
Flow conditions were also classified by a wave;current dominance factor {WJU^, where 
the subscript x was the height (in cm) o f the velocity measurement above the bed. Wy^ was a 
wave activity parameter defined as W^=^2* Umvi (where Ums = {ttm^ + ^frJ)^^ measured at a 
height x), and ( A was the total horizontal current speed at height x-
This factor was calculated following an approach used by Soulsby and Humphery (1990) 
who divided Utvm by the total horizontal current speed .^Aoo (i.e. at 100 cm above the bed). From 
their field data Soulsby and Humphery suggested that current dominated flows had a value o f 
UnJlJm ^ 0.1, and i f this ratio exceeded 0.3 then conditions become wave dominated. For 
ratios greater than 0.1 the wave action enhances the current related drag coefficient. For this 
study, a logarithmic profile scaling factor (of 0.79) was used to convert this ratio to fit a common 
height o f 15 cm, as U\oo was not directly measured. I f f./ioo was assumed to be the free stream 
velocity, and Uis was taken to be 0.79 * (/joo, then the 0.1 and 0.3 limits were significantly 
increased. Such that, flow conditions were considered to be current dominated when W\slU\i < 
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0.18 and wave dominated when IVis/Lhs > 0.54. This W\%IU\<, wave-current dominance 
factor is used throughout this thesis to help describe the flow conditions. 
4.1.1 .a Seiisitivit)' of bed shear stresses to friction factors 
The calculated bed shear stresses due to waves (r^) and the combination of waves and 
currents (TuO are both very sensitive to the value chosen for the friction coefficient / v . Indeed, 
for the majority of the shear stress results, in chapters 5, 6 and 7, r,, > r^ .^ This unusual result 
occurred because of the differences in the methods used to calculate r„ and r^r, and more 
specifically the values of /v used in each case. 
A 
For this s t u d y w a s taken to be proportional to a relative roughness defined as r = — , 
where Zo = kjl>(). By substituting r into (4.6.4), Soulsby's (1994) definition o f /v becomes: -0.52 = 0.237(0 
However Huynh-Tanh and Temperville (1991) relates/w to /' by: 
0.00278exp(4.65(r)'"") 
(4.6.8) 
(4.6.9) 
10 
0.001 
- H - S o u l s b y ( i y y 4 ) 
- o - Huynh Tanl i & Tc inpcrv i l l c (1991) 
0.1 10 100 1000 10000 
A/k, 
F i g u r e 4.7 versus relative roughness r. 
In both cases, the coefficient is empirically related to both Zo and the wave height (as larger 
waves produce larger values of A), Figure 4.7 below illustrates the overall effect of the change 
in/v (as calculated by both (4.6.8) and (4.6.9)) with respect to variations of r 
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Figure 4.7 shows that/w is not the same for equations (4.6.8) and (4.6.9). For this study 
values of ^ were typically of magnitude 0.01 to 0.1 m, with values of r from 1.7 to 17, which 
means (from figure 4.7) that the Soulsby ( 1 9 9 4 ) v a l u e was greater than the Huynh Tanh and 
Temperville (1991) value, and thus, following the two approaches above, exceeded r^ ^ by up 
to about 50 - 60%. This unexpected result was exacerbated by the relatively small amplitude, 
short period waves which were measured during the two experiments. The difference between 
the two method's values becomes much less for conditions with longer period waves and 
larger orbital velocities. Indeed, for a wave of 20 s period and maximum orbital velocity of 
about 0.4 ms"' the two values of/w are the same. 
4.6.3.C Summary 
Bed shear stresses due to currents, waves and the combination of waves and currents 
were calculated to allow comparison of the dominating processes causing sediment erosion i.e. 
when Tb > Tcrii. It is important to realise that absolute values for the bed shear stresses were 
difficult to obtain because of the limitations of both the data and theoretical approaches followed. 
This caveat must be remembered when comparing the shear stress values in chapters five, six and 
seven uath other data, from other studies, where different approaches have been taken. 
A single value has been used throughout for the bottom roughness length Zo of 0.02 cm, 
being representative of a smooth mudflat (Soulsby, 1983). This 0.02 cm value was used because 
of the difficulties involved in measuring Zo during immersion, and the problems in quantifying the 
effects of the larger channel bedforms upon the flow and associated bed shear stress, and was 
considered to be the best from the available data and in-sHu observations. It is important to 
realise that all the calculated shear stresses would have been very dependent upon the bed 
roughness, with increases in (i.e. to account for coarser sediment or bedforms) producing large 
increases in the calculated bed shear stress (e.g. as described for in section 4.6.2.a). It was 
very difficult to quantify Zo with the in-siUi sediment grain size or local bedforms because of the 
natural patchiness of these variables, their relative importance and boundary limits. Thus for 
consistency, a single value of Zo was used throughout this study in order to provide an indication 
of the dominant physical processes contributing to the bed shear stress. 
Calculated values of andr^^ need to be compared cautiously, remembering the relative 
increase in which was caused by the small, short period waves and the resulting differences in 
the calculated values. 
72 
4.6.4 Regression analysis 
Regression analysis was used to examine relationships between the measured and 
calculated variables, such that one variable could be predicted from the another. Regression 
analysis was carried out to identify the dominant factors thai controlled variations in the 
suspended sediment and produced resuspension and erosion of sediment, i.e. when Tb> t^M- A 
number of significant variables were analysed with the observed correlations from the time series 
being compared in a variety of combinations. 
The "least squares" method was used to calculate a straight line (95% confidence) that 
best fitted the data, where the dependent Y value was a fijnction of the independent X value(s). 
To show the importance of individual variables within the regression, probability (P) values are 
given where appropriate. Variables were considered significant for P values < 0.05. The R^ 
value helps detenrTiine the line of best fit, with values tending towards 1 indicating a good fit and 
a meaningfijl trendline. An adjusted R^ value removed any bias in the estimates. (All R^ values 
mentioned in the following text are the adjusted R^ values). The R^ values could have been 
improved by using 80% confidence intervals, which can be argued to be more suited to this type 
of natural in-situ data (Stapleton, pers comm.). 
The regression analysis results are discussed in detail within chapter seven. Reference is 
also made to expressions and results obtained from other investigations. There is a caveat where 
expressions involving shear stresses are compared. Care must be taken to ensure that the shear 
stresses have been calculated in similar fashion, so that the absolute values are directly 
comparable, particularly between different studies where different techniques have been used to 
calculate the bed shear stresses. This was considered the case for the following discussion but it 
is worth remembering for comparison of this data set with other work. 
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Chapter Five: 
Portisliead field experiment results 
Simultaneous time-series measurements of waves, currents and concentrations were 
obtained from fixed heights above the bed (given in table 5.1). The results focus on temporal 
and horizontal variations. Vertical variations were largely neglected. The aim of the analysis 
was to examine the effects of tidal flows and waves on the erosion of sediment in Woodhill Bay. 
Table 5.1 Sensor heights, 21/6/94 to 25/6/94 
Date Tide File Probe nos. OBS E M C M E M C M discus 
(June Nos. Name (l=bottom, heights heights orientation 
1994) 4=top) above bed 
(cm) 
above bed 
(cm) 
21^ PL211 1 34 30 Face up 
to 1 to 2 to 2 52 48 Face up 
22nd PL221 -> 74 70 Face up 
4 104 100 Face up 
22nd PL222 1 10 15 Face down 
to 3 to 6 to 2 25 31 Face down 
24'" PL242 3 65 60 Face up 
4 125 120 Face up 
24* PL243 1 10 8 Face up 
to 7 to 8 to 2 8 15 Face down 
25'' PL254 3 34 30 Face up 
4 52 48 Face up 
The time series data were divided into eight runs called "tides" I to 8. A "tide" consisted 
of data recorded as the advancing water covered the rig, through the high water period, until the 
sensors were exposed by the ebbing tidal waters. Note that as the lowest position sampled on 
the mudflat was I m below the mid-tide level, the longest "tide" recorded was approximately 7 
hours and not the full semi-diurnal cycle. 
Table 5.2 lists the tidal predictions for Avonmouth through the study period, and table 
5.3 lists the data files recorded, where each file comprised 3 minutes 47.55 seconds time series 
(i.e. 4096 samples at l8Hz.). Table 5.4 summarises the meteorological conditions experienced. 
The means and variances were calculated for each sensor while it was completely 
covered. Concentration data were only examined from the OBS sensors since there were 
difficulties obtaining accurate concentration values from the fibre optic sensors. Data from tides 
2, 4 and 8, were used for detailed analysis of the processes which influence the movement of 
sediment across the intertidal areas. Data from these three tides were used, as there vvere no 
equipment problems, the calibrations were accurate and the records were representative of the 
weather and hydrodynamic conditions experienced during the field week. Tide 2 was recorded 
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Table 5.2 Predicted tidal heights at times, from Admiralty tide tables 1994. 
Date Tinie(hrs EST) Height (m) 
05:43 12.0 
Tuesday 21/6/94 12:29 1.8 
18:17 12.3 
00:59 1.4 
Wednesday 06:45 12.6 
22/6/94 13:34 1.3 
19:14 12.9 
02:01 1.0 
Thursday 07:40 13.0 
23/6/94 14:33 1.0 
20:04 13.3 
02:57 0.8 
Friday 08:31 13.3 
24/6/94 15:24 0.9 
20:53 13.6 
03:46 0.7 
Saturday 09:19 13.3 
25/6/94 16:08 0.9 
21:39 13.5 
Table 5.3 Time series data recorded at Portishead. 
Tide Date Time File Size Comments 
Nos. ( H r M n ) 
Start End 
Number (niB) 
(Positions plotted in figure 4.3) 
I 21/6/94 15:55 20:10 0-69 PL211 14.41 POST 1 
2 22/6/94 03:50 08:45 0-77 PL221 16.08 Used for detail analysis POSTl 
3 22/6/94 17:11 21:36 0-69 PL222 14.41 Power problems POST 1 
4 23/6/94 05:45 09:52 0-65 PL231 13.57 Used for detail analysis POST 1 
17:36 19:48 0-35 PL232 7.31 Moved to position POST 2 
5 23/6/94 19:55 22:04 0-34 PL233 7.10 
22:09 22:17 0-2 PL234 0.41 Low batteries at 19:25-19:45 hrs 
22:25 22:52 0-7 PL235 1.46 
6 24/6/94 05:51 08:23 0-40 PL241 8.35 POST 2 
08:29 11:20 0-45 PL242 9.40 
7 24/6/94 18:14 18:45 0-8 PL244 1.67 
18:51 21:53 0-48 PL245 10.02 
22:00 22:35 0-9 PL246 1.88 Move POST to runnel 
22:42 22:53 0-3 PL247 0.62 
23:00 23:57 0-15PL248 3.13 
8 25/6/94 06:03 10:21 0-68 PL253 14.20 Used for detail analysis POST 3 
10:27 12:17 0-29 PL254 6.05 t=0 158 niB total binary files 
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Table 5.4 Summary of environmental conditions during the field week, 20"' to 25**" June 1994. 
Date Time 
Wind speed 
(knots) and 
direction 
Pressure 
(mB) 
Weather Sea state Wave size 
and period 
Description of sediment 
movement 
20th June 00:00 12 SW 1015 Clear with NA NA NA 
Monday 
12:00 10 SW 1016 
some 
showers 
21st June 
Tuesday 
00:00 
12:00 
8 SSW 
12 SW 
1015 
1012 
Increasing 
wind and 
heavy 
showers 
Moderate to 
rough. 
Large 
waves later 
40 - 70 cm 
2 - 4 s 
Top wet (i.e. heavy rain) mobile layer 
removed during night by large waves. 
Drainage runnels cleaned out. Hard 
layers exposed at low tide. 
22nd June 
Wednesday 
00:00 
12:00 
25 WSW 
22 SW 
1014 
1024 
Gusts over 
30 kn.@ 
02:00. 
Rain 
Rough with 
very large 
waves, and 
distinct 
swell. 
50cm + 
3 - 4 s 
Continued erosion. The hard, over-
consolidated, layers were broken up and 
removed as brick like sections. The top 
weak mud layer was completely 
removed by this stage. 
23 rd June 
Thursday 
00:00 8 SW 1026 Light wind 
Dry with 
Calm. 
Small swell. 
5 - 8 c m The light offshore winds and calm sea 
state led to ^\ cm. deposit of very fluid 
12:00 8 SSE 1021 some sun 1 - 2 s. mud over the beach. 
24th June 
Friday 
00:00 6 E 1016 Clear, light 
winds 
Calm to 
slight as 
0- 10 cm 
0 - 2 s 
Previous tide leaves ^2 cm. deposit of 
fluid mud. Local storm at 17:30 hrs. 
12:00 12 SE 1005 Sunshine. wind 
increased. 
increased winds to 18kn and produced 
some erosion during the ebb. 
25th June 
Saturday 
00:00 
12:00 
12 WSW 
12 SW 
1007 
1012 
Clear and 
dry. 
Sunshine. 
Slight. Small 
waves from 
West v^ and 
10-20 cm 
1 -3 s 
Continued erosion as waves increased in 
size, but deposition at slack water 
supplies more sediment. 
during very stormy conditions with strong winds and high wave activity. Tide 4 covered a 
period of much calmer weather, with light oftshore winds and very small waves. Tide 8 data was 
measured while the wind veered back onshore and the wave activity increased. 
Figures 5.4 to 5.6 illustrate the mean velocit)' data and are described in section 5.2. 
Figures 5.7 to 5.9 show the velocity variance values as described in section 5.3. Figures 5.10 to 
5.12 summarise the mean concentration data in section 5.4. Mean and oscillatory suspended 
sediment fluxes are presented in section 5.5 (figures 5.13 to 5.24) and the spectral analysis 
results for some files are in section 5.6 (figures 5.25 to 5.58). The fluxes contributed to the total 
sediment transport. The bed shear stresses are described in section 5.7 and figures 5.59 to 5.70. 
5.1 Salinity, temperature and depth 
Water temperature and salinity values did not vary greatly either during coverage of the 
mud flat or throughout the week. Temperatures were about 16.8 °C as the rising water covered 
the exposed sediment. Values decreased around high water, as cooler water flowed over the 
beach from the main tidal channel. Temperatures increased again during the afternoon as the sun 
warmed the shallow ebbing water. The maximum temperature variation was recorded during 
tide 8 and ranged from 16.2 toI6.9°C. Salinity showed a reverse trend to temperature, with 
maximum salinities recorded around high water (25.9 p.p.t. for tide 8). The change in salinity 
was a result of the movement of the salt intrusion with the rising and falling tide. The greatest 
temperature and salinity changes were recorded during tides 7 and 8 as this was the lowest level 
sampled on the mud flat, during the largest tidal range. The temperature and salinity variations 
did not influence the erosional processes observed. 
Depth data from tides 2, 4 and 8 are shown in figures 5.1. 5.2 and 5.3 respectively. 
5.2 Burst mean velocit}' 
There were some general trends, observed for all eight "tides", throughout the week. 
Tidal currents were influenced by the shape of the coastline and formed a deep water {h > 2 .0 m) 
eddy structure in the lee of Portishead Point. Reversal of the flow occurred over high water 
producing opposing longshore flow directions, during the flood and ebb respectively. Deviations 
from the longshore flows became significant around slack water and when depths were shallow 
{h < 2.0 m). Direction oscillations were marked during the periods of low current speed, but 
these weak flows did not contribute significantly to the net sediment transport. However, when 
depths were less than 1.0 m the higher velocity cross-shore drainage flows became important in 
moving suspended sediment across the mud flat. (For all the mean velocity figures, the current 
flowed towards the direction bearing). 
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5.2.1 Tide 2 22/6/94 
Before high water (at 06:45 hrs) variable flows with speeds under 0.1 ms' (figure 5.4) 
were recorded. When the depth exceeded 2.0 m, at about 05:40 hrs, the flow direction steadied 
to 215° and there was a weak, near bed velocity gradient before high water. After high water, 
the flow direction veered southeriy towards 035°, with a simultaneous decrease in speed. A 
large scale eddy appeared to develop inside Woodhill Bay and the current speeds exceeded 0.2 
ms V Velocities subsequently decreased until the sensors were uncovered at the end of the tide. 
5.2.2 Tide 4 23/6/94 
Flow speeds were greater than previous records (in the first two hours of the tide) 
reaching peak values of 0.17 ms' (at 06:40 hrs) in figure 5.5. But the velocity trends were 
similar. The flow direction was 230° from the start of the record (05:45 hrs) until local high 
water (at about 07:55 hrs). Flow speeds decreased to almost zero at 08:05 hrs, with a 
simultaneous direction change southerly to 010°. Velocities subsequently increased to a 
maximum of 0.28 ms'' at 08:30 hrs, before rapidly decreasing and becoming varied. 
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Because of the calm conditions, the eddy structure was formed eariier ( /? < 2 0 m) at the 
start of tide 2 There were some differences in the ebb period compared to the steady north-
easterly flows measured eariier in the week At the end of tide 4 the flow direction was more 
varied (north to north-west) because of the light westeriy winds (During the stormy conditions 
of tide 1 and 2 the higher wind speeds helped to maintain the easteriy flow direction of the eddy 
after high water). As the depth decreased bdow 2 5 m the effect of the tidal eddy around 
Portishead Point was reduced (because of frictional effects with the bed). In the absence of the 
strong westerly wind, the flow direction during the last hour was offshore 
The influence of the calmer conditions could also be seen by an increase in the near bed 
velocity gradient, possibly produced by high concentrations near the bed (see section 5 4) 
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Figure 5.4 Mean velocity Tide 2, 22/6/94 
5.2.3 Tide 8 25/6/94 
Mean velocities (in figure 5 6) followed the same patterns as previous tides There was a 
varying south westeriy flow during the flood period, which reversed to a northeriy flow, with a 
sharp increase in speed, after high water (at 09:19 hrs). The weak northeriy flow (and eddy 
structure) remained during the last hour of the record, being maintained by the 14 knot south-
westeriy wind There was evidence of a strong velocity gradient, which may have been partly 
produced by the high near bed concentrations (see section 5.4). 
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5.3 Velocity variance 
The near bed cross shore (If) and longshore ( O velocity variance values (o^) for tides 2, 
4 and 8 are shown in figures 5.7 to 5.9 inclusive The variance results provided an indication of 
the scale of high frequency fluctuations in the velocity time series, which were directly related to 
the wave activity and turbulence Each variance vahie was calculated from one time series file 
(i e over 3 minutes 47.55 sec, consisting of4096 values) 
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Figure 5.7 Velocity variance. Tide 2, 22/6/94 
Variance values were greatest at the start of the study during tides 1 and 2, becoming 
progressively smaller, until tides 7 and 8, when values started to increase again However, the 
trends throughout at a tide were consistent for eight records Values were highest in the shallow 
waters at the beginning and end of a tide, decreasing to a minimum over high water The trends 
were the result of changing depth on the wave climate Variances decreased rapidly with depth, 
as orbital velocities decayed through the water column. The largest variances were always 
recorded in the V direction as the waves approached the mudflat at a shore normal angle This 
showed the wave effects were most pronounced in the cross-shore direction, as would be 
expected 
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Figure 5.8 Velocity variance Tide 4, 23/6/94. 
Tide 2 had the largest variance values due to the high winds and stormy conditions, with 
maximum (f variance values of 0 08 m^ s"^ , at the beginning of the record, and maximum V 
variance values were 0.01 m s^'^ . As the westerly winds moderated, the significant wave height 
became much lower Very low variance values (approximately 0.001 mV^ in figure 5 8) were 
obtained for tide 4 and wave effects were considered negligible. 
There was an interesting increase in variance values from about 08 15 to 08:45 hrs, 
which was not due to waves. Inspection of the time series showed the increase resulted from the 
velocity variations as the tidal flow accelerated and then decelerated during the hour following 
slack water The low frequency signal of these fluctuations contributed to the overall variance 
value 
The calm sea surface conditions persisted until tide 8 At this time the wind veered back 
to a westeriy direction and accelerated in speed to reach 12 knots. This change served to 
generate small waves which approached the shore at a slightly oblique angle However, the 
dominant eflfects were again in the (/ direction, as shown by the larger variance values in figure 
5 9 overleaf 
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Figure 5.9 Velocity variance Tide 8, 25/6/94. 
5.4 Mean concentration 
Figures 5 10 to 5.12 show concentration data for tides 2,4 and 8 Mean values generally 
followed the trends in velocity variance, such that concentrations were greatest at the beginning 
and end of wave dominated records. However, values varied considerably for the "calmer' 
tides Background concentrations were greatest towards the end of the week during spring 
tides It is thought that at these times of strong tidal currents, the increased mixing offshore w as 
able to resuspend the temporary fluid muds deposited in the deep water channels close to 
Portishead Point. The resulting high concentrations were subsequently advected across the mud 
flats by the mean flows. Under weaker flow, neap tide conditions, the background 
concentrations decreased, and enhanced settling allowed the high concentrations and temporary 
fluid muds to reform in the deep channels immediately offshore 
5.4.1 Tide 2 22/6/94 
Figure 5.10 plots the concentration data for tide 2. //« exceeded 0 5 m for this tide 
These breaking waves were able to resuspend and erode large volumes of sediment during the 
first hour of the tide These high concentrations decreased rapidly when h > 2.0 m. 
Simultaneously, the mean current (speed) increased and flowed westwards. It was thought that 
the suspended sediment was advected out towards the main tidal channel Concentrations 
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decreased to a minimum 0 20 gL'') over high water, but increased gradually as the ebb cycle 
progressed OBS 2 produced negative concentration values from 07 04 to 07:16 hrs (maybe due 
to fouling) and this data is not shown in figure 5 10 As depths decreased, during the ebb tide, 
concentrations increased Some denser floes may have been able to settle onto the bed over high 
water, and were subsequently resuspended by the wave activity. There was some vertical 
stratification of suspended sediment with the highest concentrations closest to the bed 
— 
2 
1.4 
1 2 
I 
0.8 
0.6 
0.4 
0.2 
0 
1—OBS 1 (34 cm.) - O B S 2 (52cm.) 
— OBS 3 (74 cm ) - O B S 4 (104cm.) 
04:26:24 05:24:00 06:21:36 
Time (Hr:Mn:S) 
07:19:12 08:16:48 
Figure 5.10 Mean concentration Tide 2, 22/6/94. 
5.4.2 Tide 4 23/6/94 
The sea state was much calmer for this record (M < 0.1 m) At the start of the record 
(figure 5.11) concentrations were lower than for previous tides, varying between 0 20 to 0.70 
gL'V The narrow surf zone and small waves were unable to resuspend large concentrations of 
sediment during the first hour of covering. But, background concentrations increased, with 
maximum values reaching over 1 10 gL'' at 06:47 hrs It was likely that there were above 
average suspended sediment levels in the main channel, as a result of the previous stormy 
weather. Material eroded fi^om the mudflats of the estuary would have been moved oflfshore and 
become part of the ebb/flood cycle in the deeper waters of the estuary The peak in 
concentration at 06:47 hrs was probably an advective feature or the turbidity maximum moving 
up the estuary on the flood tide There was a marked stratification with large concentrations 
close to the bed There may have been some fouling problems at the end of the record where 
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OBS 2 » O B S 1 The four smaller peaks in concentration at approximately 07:15, 07:35, 08:05 
and 08:30 hrs, correlate closely with accelerations in the mean velocity. As such, these 
concentration peaks were thought to be caused by erosion processes over the immediate 
mudflat The strong concentration gradient measured suggests there were high settling fluxes 
close to the bed Material tended to settle during low flow speeds only to be rapidly resuspended 
as flow speeds increased Thus local increases in velocity and acceleration produced peaks in 
concentration The discussion section quantifies this in more detail 
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Figure 5. I I Mean concentration Tide 4, 23/6/94. 
5.4.3 Tides 25/6/94 
Background concentrations within the estuary increased because of the spring 
tidal range. Other investigations have shown that the higher velocities during spring tides are 
able to resuspend the fluid muds in the deep water channels close to Portishead Point The 
resulting high concentrations can then be advected across the mud flats, and produce an increase 
in the background concentrations (e g Kirby, 1988) Figure 5 12 shows that high concentration 
gradients occurred within 20 cm of the bed, towards the end of the record Wave activity 
resuspended material during coverage and maintained sediment in suspension through the ebb 
period. Bed level measurements showed the low strength mud layers (of thickness 1 to 2 cm) 
deposited after tides 5 and 6 were partially eroded during tide 8 (see table 7 1, section 7 11 for 
actual vane shear strengths) The combination of small waves and the low shear strength surface 
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deposit, produced some of the highest concentrations measured Larger waves ( / / . = 10 to 20 
cm) at the end o f the record increased concentrations above 8 00 gL' ' , within 20 cm of the bed 
These near bed concentrations were pulled back offshore by the receding tide 
OBS 1 (lOcm.) OBS2 (8cm ) 
OBS3 (34cm ) OBS 4 (48cm ) 
36:00 07:48:00 09:00:00 10:12:00 
Time(Hr:Mn:S) 
11:24:00 
Figure 5.12 Mean concentration Tide 8, 25/6/94. 
5.5 Sediment fluxes 
The sediment fluxes are plotted as time series in figures 5 13 to 5.24. A positive U c 
and //'c ' produced an onshore flux (towards 150^ ,^ while a positive v c and v'c' value 
produced an easterly cross shore transport (towards 060**) 
5.5.1 Tide 2 22/6/94 
Figures 5 13 to 5 16 show the mean and oscillatory, cross shore and longshore flux 
variations during tide 2 The overall mean fluxes follow the direction o f the mean current, with 
maximum values varying between -0.1 and 0 1 k g m V The oscillatory fluxes were about 20 
times less than the mean fluxes, varying between -0 004 to 0.007 kgm'^s V The cross shore 
oscillatory flux was onshore at both the start and the end o f tide 2, but decreased towards zero 
around high water. This trend was due to the combined effects o f changing water depth and 
waves at the bed The oscillatory long shore fluxes were about 10 times less than the cross shore 
fluxes, with a general trend for transport towards 060°, which was due to the strong south 
westerly wind 
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Figure 5.13 Mean cross shore fluxes Tide 2, 22/6/94. 
0 0075 f 
00055 
J ) 0.0035 ] 
g 0.0015 
-0.0005 
-0.0025 
UlOl (at 30cm) - U202 (at 48cm) 
U303 (at 70cm) ^ U4CM (at 100cm) 
e value = transport to 150° (Onshore) 
ivc vahie = transport to 330° ((Ashore) 
04:26:24 05:24:00 06:21:36 07:19:12 
Time(Hr:Mn:S) 
08:16:48 
Figure 5.14 Oscillatory cross shore fluxes Tide 2, 22/6/94 
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Figure 5.15 Mean long shore fluxes Tide 2, 22/6/94 
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Figure 5.16 Oscillatory long shore fluxes Tide 2, 22/6/94 
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5.5.2 Tide 4 23/6/94 
The cross shore and longshore sediment fluxes are shown in figures 5 17 to 5.20 The 
magnitudes of the mean fluxes were similar to those measured during tide 2 because POST was 
located at the same location, with similar depth and tidal conditions The sediment flux direction 
was directly linked to the direction o f the mean current flow, and thus the mean flux direction 
changed markedly over high water 
The oscillatory fluxes were about 10 times less than those recorded during tide 2 due to 
the calmer sea conditions during tide 4. (The spectral analysis results in section 5 6 also show 
the reduction in wave eflfects close to the bed) Unlike tide 2, there were no changes in the 
oscillatory fluxes with water depth, but there was some vertical variation The vertical 
differences were due to a high concentration gradient within 0 5 m o f the bed, and the largest 
oscillatory fluxes were thus measured close to the bed 
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Figure 5.17 Mean cross shore fluxes Tide 4, 23/6/94 
90 
0 0012 
00008 4 
0.0004 \ 
u. 
^ -0 0004 
-00008 
•0.0012 
UlOl (at 15cm) — U202 (at 31cm) 
U303 (at 60cra) - U404 (at 120cm) 
-Hvc value = transport to 150° (Onshore) 
-ive \ alue = transport to 330° (Offshore) 
05:31:12 06:28:48 07:26:24 08:24:00 
Time (Hr:Mn:S) 
09:21:36 
Figure 5.18 Oscillatory cross shore fluxes Tide 4, 23/6/94 
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Figure 5.19 Mean long shore fluxes. Tide 4, 23/6/94 
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Figure 5.20 Oscillatory long shore fluxes Tide 4, 23/6/94. 
5.5.3 Tide 8 25/6/94 
For this record the cross shore and longshore sediment fluxes are shown in figures 5.21 
to 5 24. The mean flux values were about ten times larger than both tides 2 and 4. The lower 
position on the mudflat and increased tidal range, produced much larger flow accelerations and 
current speeds during tide 8 The highest mean fluxes were measured for this tide because o f the 
combined effects o f the velocity variations, the high background concentrations, and further 
resuspension o f mobile surface sediment 
Oscillatory fluxes were most significant in the (/ direction at the start of tide 8, and in the 
V and r directions at the end of the record. Oscillatory fluxes during these periods were at least 
10% of the mean flux values Waves resuspended sediment within the first few minutes o f 
covering and, as a result, the large oscillatory fluxes were produced. In the last hour o f the 
record, the high concentrations that collected at the shallow water's edge were moved offshore 
Some of this ebbing water flowed down a cross shore runnel, and large mean and oscillatory 
fluxes were measured inside this bedfonm during the final stages of tide 8 
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Figure 5.21 Mean cross shore fluxes Tide 8, 25/6/94. 
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Figure 5.22 Oscillatory cross shore fluxes Tide 8, 25/6/94 
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Figure 5.23 Mean long shore fluxes Tide 8, 25/6/94. 
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Figure 5.24 Oscillatory long shore fluxes Tide 8, 25/6/94 
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5.6 Spectral analysis 
Spectral analysis of the velocity and concentration data was used to examine the 
fluctuating components o f the oscillatory fluxes, in order to consider the effects o f the waves 
upon the sediment concentration. Results from 10 files are presented here, as these were 
considered representative o f tides 2, 4 and 8. Spectra, cospecira and coherence plots illustrate 
the main processes responsible for the oscillatory movement. (However spectral analysis of 
every sensor pair, at each height, from every file, was carried out. Figures 5.46 to 5.57 (on 
pages 112-117 inclusive) summarise results for the lowest sensors in tides 2, 4 and 8). It is 
worth noting, that for the spectral analysis herein, the total oscillatory fluxes {it'c' and v ' c ' ) 
consisted of both the sum of the cospectral estimates and a trend flux. The trend flux component 
is not displayed in the cospectra figures. The velocity spectra units are m^s ', the concentration 
spectra values are in g^L"V\ and the (velocity / concentration) cospectra are in kgm'V. 
The cospectra show the magnitude and direction of the net oscillatory transport at a 
particular frequency. Unless otherwise stated the sign o f the cospectral estimate produces the 
same flux direction as that shown by the flux time series figures. The exceptions to this are the 
cospectra from the velocity sensors Kl and for tide 4, and ^2 for tide 8. These sensors were 
face down and so the flux sign is reversed (compared to the flux time series in figures 5.19, 5.20, 
5.23, and 5.24). The 95% confidence limits are plotted on the spectra and coherence plots. 
Table 5.5 below summarises the 10 files that are discussed in this section. These files 
were chosen as they were typical o f the trends within the three tides 2, 4 and 8. Spectral analysis 
resuhs are only shown for the lowest sensors (within about 50 cm o f the bed) as these were 
considered to best illustrate the processes occurring at the bed. The time series graphs show 
(noise free) results from the beginning and end o f the tides { h < 1.00 m) and at high water. 
These times were representative of the range of conditions during each "tide" record. 
Table 5.5 Summary of the spectral analysis results in sections 5.6.2 to 5.6,11. 
Tide File Mean time Water depth 
number name (Hr:Mn:S) (ni) 
PL221 15 04:47:48 0.50 
2 PL221 22 05:41:21 1.70 
PL221 46 06:45:22 3.72 
PL221 70 08:16:46 1.00 
PL231 04 05:57:03 0.75 
4 PL231 32 07:43:14 3.78 
PL231 57 09:18:02 0.73 
PL253 12 06:45:29 0.75 
8 PL253 52 09:18:09 5.93 
PL254 23 11:50:42 0.50 
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5.6.1 Introduction 
One minute bursts (i.e. 1080 data points) o f the calibrated time series, from each o f the 
above 10 files, are used in sections 5.6.2 to 5.6.11 to characterise the individual 3 minute 47 
second files. Concentration data are shown from each of the four OBS (when covered) while 
the U and V components o f velocity are shown from the lowest E M C M only. Both the velocity 
and concentration values are plotted against the primary Y axis using the appropriate SI units. 
The sensor heights in cm. above the bed are given in the figure legends. Each file is 
described in turn and the relevant time series and spectral analysis figures (for both the U and V 
directions) are included as separate pages following the individual descriptions. The following 
figures and descriptions highlight the typical eftecis o f the waves on concentration for each tide. 
Wave effects on the cross shore oscillatory fluxes were important during tides 2 and 8, 
but were relatively insignificant during tide 4. (However, longshore oscillatory variations were 
largely insignificant when compared with cross shore fluctuations). Velocity spectral densities 
were at a maximum during tide 2, as the largest waves occurred at this time, and decreased to a 
minimum during tide 4 and over high water for alt three tides. The periods of significant wave 
activity during tides 2 and 8, produced distinct peaks in the velocity spectra at incident wave 
frequency. Similar peaks were observed in the concentration spectra in shallow water, wave 
dominated conditions. Cospectral and coherence estimates were large at these times and the 
waves made important contributions to the oscillatory fluxes. This was particularly the case for 
tide 8, where there were high concentrations produced by the spring tide and weak surface 
sediment. The calmer conditions o f tide 4 produced much lower cospectral estimates (and 
hence oscillatory fluxes) than the other two tides, and coherence values between velocity and 
concentration were largely negligible. 
5.6.2 Tide 2 PL221 15 at 04:47 hrs 
This file was recorded during the early part o f covering o f the mudflat, when /? = 0.5 m. 
Strong south westeriy winds produced swell and breaking waves across the mudflat. Figure 
5.25 shows one minute o f velocity and concentration time series. Velocity fluctuations due to 
waves were large, ranging from -0.8 to 1.0 ms"', and near bed concentrations varied from about 
1 to 1.5 gL"'. Figure 5.26 below shows the cross shore {II) and longshore {V) velocity spectra 
from the lowest EMCM sensor. The maximum U spectral density was 1.975 mV, forming a 
significant peak between 0.25 to 0.4 Hz., due to the incident waves o f period 2.5 to 4 seconds. 
The corresponding concentration spectrum is plotted in figure 5.27, together with the U velocity 
spectrum. There is a slight peak in the concentration spectra around incident wave frequency 
(IWF) but it is not marked. The cospectra o f U\:0\ and V\ .0\ (in figure 5.28) both have 
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positive peaks at IWF The coherence plots in figure 5 29 show that there was some weak 
correlation between the velocity and concentration fluctuations, with coherence values o f 0.4 to 
0.5 at IWF. The total U and ['oscillatory fluxes had values o f 2 809*10- kgmV and 3 574* 
10'^  kgm"^ s' respectively, resulting from a cross-onshore transport to the south-east There 
some significant peaks in coherence at higher frequencies but the corresponding cospectral 
estimates are very low and do not contribute significantly to the oscillatory flux 
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Figure 5.25 I minute o f raw time series Tide2 PL22115 (A 0 5 m) 
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Figure 5.26 Cross shore and longshore velocity spectra Tide 2 PL22115 ( / / - 0.5 m) 
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Figure 5.28 Velocity and concentration cospectra (kgm'^s ') 
Tide 2 PL22115 (/i - 0.5 m) 
98 
o 0.5 
Frequency(H2.) 
P 0.5 
Frequency(Hz.) 
Figure 5.29 Velocity and concentration coherence. Tide 2 PL22115 (A = 0.5 m). 
5.6.3 Tide 2 PL221 22 at 05:51 hrs 
The time series in figure 5.30 shows data ft'om all four OBS sensors in water 1.7 m deep. 
Maximum orbital velocities (at 30 cm above the bed) reached 0.48 ms"'. The waves were 
important, causing velocity fluctuations at an IWF of 0.4 Hz (in figure 5.31), with a peak U 
variance value o f 7.740* 10'' mV (at 48 cm). As water depth increased, the maximum value o f 
the near bed velocity spectrum decreased due to attenuation effects. There was a corresponding 
peak in the concentration spectrum shown in figure 5.31. There was a vertical concentration 
gradient ranging ft-om 1.50 gL'\ at 34 cm above the bed, to 0.50 gL"\ at 104 cm above the bed. 
Wave by wave resuspension typically produces variations in a concentration time series at double 
wave fi'equency. However in the case o f this data, the high concentration layer was moved 
vertically up and down past the sensors, and the concentration lime series (in figure 5.30) varies 
at wave fi-equency. This can also be seen in the spectra in figure 5.31. The cross shore flux was 
significantly peaked at IWF with coherence values o f 0.5. The total U oscillatory flux was 
1.855*10^ kgm 'V onshore and the total oscillatory flux was -2.201*10'^ kgm'V towards 
240°. The mean onshore flux had decreased, but the mean easterly flux remained steady. The 
increasing water depth caused the cross shore oscillatory fluxes to decrease as wave effects 
became less. 
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Figure 5.30 1 minute of raw time series. PL22122 Tide 2 (// 17 m). 
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Figure 5.31 Velocity (m^s ' ) and concentration (g^'^s ' ) spectra 
PL22122 Tide 2 (/i= 1.7 m). 
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5.6.4 Tide 2 PL221 46 at 06:45 hrs 
This file was sampled at high water (h 3 72 m) The time series (in figure 5 32) shows 
the orbital velocities had decreased to below 0 10 ms ' close to the bed There was a 
corresponding decrease in both the mean concentration values, and the magnitude of the 
fluctuations in the concentration time series These decreases were due to the increase in water 
depth The total U and T oscillatory fluxes were, -5 898*10'^  kgm'V offshore and 4 620*10"** 
kgm"^ s"' towards 060°, respectively. These values were much smaller than those recorded in the 
shallower water at the start of the tide The oscillatory fluxes decreased to a minimum around 
high water because of the reduction in wave effects at the bed However, the mean U flux was 
1 450*10-^  kgmV onshore and the mean V flux was -1.840*10-^ kgm V* towards 240**. The 
mean fluxes were thus about 100 times larger than the total oscillatory fluxes. 
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Figure 5.32 1 minute of raw time series. PL22146 Tide 2 (// 3 72 m) High water 
5.6.5 Tide 2 PL221 70 at 08:16 hrs 
Concentrations increased as water depths decreased The concentration time series in 
figure 5.33 showed this increase in mean concentrations was accompanied by an increase in the 
magnitude of the fluctuations in the time series. The velocity spectra in figure 5 46 were peaked 
at 0 28 Hz with a maximum value of 7.597*10'' m V . There was a corresponding peak in the 
concentration spectra (figure 5 .47). The magnitudes of the mean flaxes were similar to the rest 
of the record, but the oscillatory fluxes had increased For example the w V and v'c' fluxes, at 
48 cm above the bed, were 2.407* lO " k g m V onshore, and 3.197*10^ kgm'V towards 060^ 
respectively Figure 5.34 shows the equivalent cospectra, which are both strongly peaked at the 
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IWF, with coherence values > 0 8 (in figure 5 35) The waves made a significant contribution to 
the oscillatory fluxes at this time 
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Figure 5.35 Velocity and concentration coherence 
Tide 2 PL22170 {h = 1.0 m). 
5.6.6 Tide 4 PL231 04 at 05:57 hrs 
Wind speeds decreased from about 01:00 hrs (on 23/6/94), veering southerly at 04:00 
hrs, reaching minimum speeds at 06:00 hrs. The sea state became much calmer, with small 
waves (//s < 20 cm) at the start of the tide. The velocity and concentration time series in figure 
5.36 reflect these changes. Maximum near bed orbital velocities were around 0.1 ms"' 
(compared to 0.8 ms'' during the corresponding part of tide 2). Concentrations were generally 
lower than in tide 2, not exceeding 0.45 gL'' (at 10 cm above the bed) in water 0.75 m deep. 
Concentration fluctuations were still observed in the raw time series (figure 5.36) but the graphs 
in figures 5.37 to 5.39 do not show any spectral peaks at the IWF of 0.21 Hz., and coherence 
values were less than 0.3. The U velocity spectra values around the IWF were about 10 times 
less than at comparable periods during tide 2, and thus the cospectral estimates were also 
smaller The waves were less significant and produced lower oscillatory fluxes during this calm 
period. The oscillatory fluxes were less than 1% of the mean fluxes for this run. 
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Figure 5.39 Tide 4, velocity and concentration coherence (h = 0.75 m). 
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5.6.7 Tide 4 PL231 32 at 07:43 hrs 
The wave effects at the bed were further reduced as the water depth increased This run 
was recorded around high water The time series in figure 5 40 below shows the decrease in 
orbital velocities near the bed The reduced turbulence allowed a strong vertical concentration 
gradient to form, that ranged from 0 8 gL'' at 10 cm, to 0.2 gL'' at 125 cm from the bed 
The velocity spectra were still peaked around an IWF of about 0 2 Hz but the maximum 
value of l/\ = 1 954* 10"^  m s^"' was 10 times less than that measured during high water of tide 2 
The concentration spectrum was not peaked at IWF and cospectral estimates and coherence 
values between velocity and concentration were thus very low. (N.B both the velocity and 
concentration spectra, and the cospectra and coherence are not illustrated in this section, or in 
section 5.6.8 below, but the trends described here (for tide 4) are shown in figures 5.50 to 5.53, 
in the summary of the spectral analysis resuhs given in section 5 6 12) 
The decrease in the spectral densities and the lack of spectral peaks at IWF, indicated 
that the very small waves were relatively unimportant for the near bed sediment transport, 
particularly in the deeper water around high tide 
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Figure 5.40 1 minute of raw time series PL23132 Tide 4 (/i-3 .78 m) High water 
5.6.8 Tide 4 PL231 57 at 09:18 hrs 
The calm sea conditions continued throughout the ebb period of tide 4 The velocity 
time series in figure 5 41 overleaf, showed a decrease in orbital velocities to less than 0 05 ms V 
The concentration fluctuations were not related to the wave activity. The velocity and 
concentration fluctuations were unrelated (coherence values in figure 5.53 < 0.2) and the 
cospectral estimates and oscillatory fluxes were small 
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5.6.9 Tide 8 PL253 12 at 06:45 hrs 
The wave activity had increased across the mudflat as a result of the westerly wind 
throughout the night Within 10 cm of the bed the peak orbital velocities ranged from -0 6 to 0 4 
ms ' (figure 5 42). The increase in wave activity can also be seen by the larger values in the 
velocity spectrum (figure 5.43). There was a corresponding increase in concentrations, ranging 
from 2.0 to 4.75 gL'V The advancing water was able to resuspend a weak low density deposit 
left by the preceding ebb tide. Low frequency variations in concentration also resulted from 
advection of sediment across the mudflat, and produced a slight peak value of 19 039 g^ s 'L"^ at 
about 0.07 Hz. in the concentration spectra shown in figure 5.43. But, higher frequency 
concentration fluctuations were not closely linked to the IWF of 0 4 Hz for this particular record 
(h = 0.75 m). Note also that, as the depth rose above 1.0 m, there was a no correlation between 
fluctuations in concentration and IWF, as shown by the cospectra and coherence in figures 5.56 
and 5 57 respectively. The small waves may have contributed to the erosion of the bed surface 
in very shallow water. This erosion was thought to occur by a gradual weakening of the bed 
rather than a measurable wave by wave resuspension process The time lags involved in the 
vertical movements of the suspended sediment produced very poor coherence between the 
concentration variations and IWF. Thus for tide 8, coherence values (at IWF) were not 
significant but nonetheless the waves probably contributed to erosion by weakening the low 
strength surface deposit (see vane shear strengths, in table 7.1). The calculated bed shear stress 
due to waves exceeded the critical erosion shear stress at this time (as discussed later on) and so 
by definition, the waves probably influenced erosion to some degree. However, this was in 
contrast to tide 2, where there was a much stronger wave effect on concentration fluctuations. 
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The suspended floes during tide 8 were of lower mean density than during tide 2, (Fennessy pers 
comm.) and this would accentuate settling lag and further complicate the interpretation of the 
spectral results 
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5.6.10 Tide 8 PL253 52 at 09:18 hrs 
This file was recorded around the time of high water (i.e. h = 5 93 m) The orbital 
velocities (at 8 cm above the bed) had decreased to a minimum, varying fi-om 0 to -0 1 ms ' 
(figure 5.44, below). Maximum concentrations exceeded 15 gL'' close to the bed, and there 
was a vertical gradient as concentrations decreased with height, reaching about 0 5 gL*' at 52 cm 
above the bed The effects of the waves at the bed were negligible at this time, and there were 
no important peaks due to waves in either the near bed velocity or concentration spectra in 
figures 5 54 and 5.55. Coherence values (shown in figure 5.57) were also insignificant There 
were some low fi-equency peaks ( * 0.035 Hz.) in the cospectra with corresponding peaks in 
coherence, which were attributed to the combination of the high concentrations and local eddy 
effects The low fi-equency variations in the mean currents dominated both the cospectral 
estimates and the oscillatory fluxes. The small surface waves were unable to influence the bed 
because of attenuation resulting fi-om the combined effects of the depth and high near bed 
concentrations The reduction in bottom turbulence allowed some settling which enhanced the 
concentration gradient Around high water, suspended sediment concentrations and fluxes were 
dominated by mean tidal flows 
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Figure 5.44 1 minute of raw time series PL25353 Tide 8 (h 5 93 m) High water. 
5.6.11 Tide 8 PL254 23 at 11:50 hrs 
As the depth decreased during the ebb phase of tide 8, the waves began to modify 
conditions at the bed The orbital velocities increased, reaching peak values of about 0 25 ms ' 
(figure 5.45) A pronounced mean offshore current ( - 0 2 ms'*) was measured as the water 
drained off the mudflat The cross shore runnel bedforms helped channel the retreating water 
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producing the offshore flow The ebb phase was also characterised by high concentrations 
resulting from resuspension of material which had settled during slack water Sediment fluxes at 
this time were large (comprising mean values of 0 9 kgm'^ s'^  and oscillator>' values in excess of 
0 09 kgm'^ s ') and the majority of the sediment was moving offshore The wave fluctuations can 
be clearly seen in the velocity spectra (figure 5 54), with a (/ peak of about 1 0 m s^ ' at an IWF 
of 0.24 Hz. Similar peaks were not found in the concentration spectra Nonetheless the waves 
were considered to be important during this ebb period, serving to weaken and resuspend low 
density sediment fi-om the bed Fluctuations in the concentration time series resulted fi-om the 
combination of the strong offshore flow down the runnel and the waves, which complicated the 
time series interpretation 
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Figure 5.45 1 minute of raw time series PL25423 Tide 8 (h 0.5 m). 
5.6.12 Summary of spectral analysis 
The sea conditions ranged from stormy to calm throughout the week, which produced 
periods of erosion and deposition respectively The spectral analysis results for the three tides 
are summarised by the 2D surface plots in figures 5 46 to 5.57, which show the variation with 
time of the spectra, cospectra and coherence from the lowest EMCM and OBS sensor pair, for 
tides 2, 4 and 8 These figures only show data from the cross shore direction, as longshore wave 
effects were considered to be insignificant. Note, the upper 95% coherence^ limit was 0.21, and 
in the case of the 2D colour surface plots, any dark black areas show insignificant coherence 
The time axis tick marks are in Julian hours, but the start and end time (in hours) of the plotted 
data is also given by the X axis label 
Tide 2 was characterised by strong south westeriy winds and large waves (//» 0.2 to 
0.35 m) of period about 2.5 s (IWF 5= 0.4 Hz) The wave fluctuations formed distinct peaks in 
n o 
both the IJ and V (not shown) velocity spectra when h < 1.0 m in figure 5.46. There was 
marked coherence (values between 0.4 to 0.7) between the velocity and concentration spectra 
during the same periods (figure 5.49). The detrended oscillator>' fluxes were dominated by the 
wave fluctuations at these limes, and cospectral estimates were positive, with maximum values 
occurring in the shallow water ai the beginning and end of the record (figure 5.48). In depths 
over 1.0 m the coherence values decreased and the effect of waves at the bed was reduced. 
The sea conditions became much calmer over the next two days as the wind speeds 
moderated and veered offshore. As the wave heights diminished {H^ = 0.04 to 0.08 m) the 
periods increased (7' = 5 s) and the energy in the tide 4 velocity spectra in figure 5.50 was about 
10 nmes lower than during tide 2. As a result the corresponding concentration spectra (figure 
5.51) did not show marked peaks around IWF. The oscillatory fluxes measured in tide 4 were 
not influenced by the waves, as shown by both the cospectra in figure 5.52, and the low 
coherence values in figure 5.53. Low density mud deposits of around 1 to 2 cm thick were 
measured after uncovering of the mud flat. 
Towards the end of the week, the wind increased, and veered back to the prevailing 
south westerly direction This generated waves around 0.1 to 0.2 m high, of period about 2.8 s, 
which produced peaks in the velocity spectra in figure 5.54 {h < 0.5 m). The maximum energy 
levels in the velocity spectra were similar to those measured in tide 2. However there were not 
such clear relationships between the waves and suspended sediment as measured for tide 2. 
There were not such significant peaks in either the concentration spectra (figure 5.55), or the 
cospectra (figure 5.56), and the coherence values (figure 5.57) were largely insignificant, with 
just a few points increasing above the 0.21 confidence limit. Concentrations were greatest 
during this record because of the increase in tidal range and resuspension fi'om the mudflat of 
recently deposited material, fi'om the preceding couple of tides. High near bed concentrations 
and a large drainage channel also served to attenuate wave effects close to the bed. Coherence 
values were generally small except at very low frequencies. At high water (h = 5.93 m) the wave 
eflfects at the bed were negligible. The sensors were deployed over a runnel feaaire which helped 
drain water oflf the mud flat during the ebb, and high mean oflfshore flux values were measured 
during the final ebb phase of tide 8. 
Overall, the waves served to weaken and resuspend surface sediment throughout the 
week, particularly during the shallow water periods of tides 2 and 8. The discussion of shear 
stress later on also shows, that at these times, the shear stresses were greater than the strength of 
the mud surface and that erosion could occur. The waves were very important to the overall 
sediment flux because the resuspended sediment was available for transport by the tidal currents. 
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Figure 5.46 Tide 2, velocity spectra at 30 cm (inmV) 
Julian Time (04 45 to 08 20 hrs) 
Figure 5.47 Tide 2, concentration spectra at 30 cm (in g^ s 'L'^). 
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Figure 5.48 Tide 2, velocity and concentration cospectra at 30 cm (in kg m"^ s '). 
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Figure 5.49 Tide 2, velocity and concentration coherence at 30 cm. 
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Figure 5.50 Tide 4, velocity spectra at 15 cm (in m s^ ') 
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Figure 5.51 Tide 4, concentration spectra at 10 cm (in g^s'L'^) 
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Figure 5.52 Tide 4, velocity and concentration cospectra at 15 cm (in kg m'^ s ') 
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Figure 5.53 Tide 4, velocity and concentration coherence at 15 cm 
115 
Julian Time (06 40 to 12 05 hre) 
Figure 5.54 Tide 8, velocity spectra at 8 cm (in m's ') 
Julian Time (06 40 to 12 05 hrs) 
Figure 5.55 Tide 8, concentration spectra at 10 cm (in gV^L'^) 
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Julian Time (06 40 to 12 05 hrs) 
Figure 5.56 Tide 8, velocity and concentration cospectra at 8 cm (in kg m* s") 
Julian Time (06 40 to 12 05 hrs) 
Figure 5.57 Tide 8, velocity and concentration coherence at 8 cm 
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5.7 Bed shear stresses 
5.7.1 Shear stress due to mean currents 
The mean shear stress due to currents was calculated ft'om the velocity data at one 
height (z) using an assumed value of Zo - 0.02 cm (where the depth mean velocity (//) was 
calculated assuming a logarithmic velocity profile). Mean velocity values at 30 cm above the bed 
were used for tides 2 and 4 whilst the mean velocity data at 15 cm above the bed was used for 
the tide 8 calculations. 
5.7.2 Shear stress due to waves 
Figures 5.60, 5.64 and 5.68 (in sections 5.7.5 to 5.7.7 inclusive) show the wave shear 
stress values calculated ft'om two difterent approaches, for the tides 2, 4 and 8. The first 
approach used the cross shore U velocity component to calculate shear stress "7i:m Un"' 
(denoted in the legends of figures 5.60. 5.64 and 5.68) while the second used the resultant 
velocity to calculate shear stress "Tan Uuv" in the same three figures. For tides 2 and 8, with 
significant wave activity in the cross shore direction, the shear stresses calculated from both 
approaches were very similar. However, there was some difference for tide 4, with the greatest 
shear stresses calculated ft-om the resultant velocity but, as will be shown later, the wave 
contribution was relatively unimportant to the total bed shear stress for this tide. Thus, the 
following discussion focuses on the bed shear stress due to waves calculated fi-om the U 
velocity component only, which allows comparison with the significant wave heights (also 
calculated from the (/ velocity component). 
5.7.3 Shear stress due to waves and currents 
Bed shear stresses due to the combined effects of waves and currents were calculated 
using SANDCALC and the following assumptions were made for various limiting parameters. 
Water Parameters 
A mean salinity of 25.0 p.p.t. and a mean temperature of I7.0°C were used for all the 
bed shear calculations. The density of the local seawater was taken to be 1017 kgm'^. 
Sediment Parameters 
Sediment bulk densities ranging fi-om 1210 to 1660 kgm'"* were recorded at Portishead 
by Williamson (1994) on 23/6/94. These compared with earlier bulk density measurements 
which ranged from 1290 to 1640 kgm'"' (ETSU, 1992). Bed sediment bulk density was assumed 
' The icnns "Tau i W aiid "Tau Ihr are simply used ui Uie legends of figures 5.60, 5.64 ajid 5.68 to denote the bed shear 
stresses due to waves, as calculated from tlie resullaitt aiid cross shore velocities respectively. 
118 
10 be 1500 kgm"\ The median grain diameter (Dsn) was taken to be 0.0625 mm. A bed 
roughness (zo) value o f 0.02 cm was used, being taken from Soulsby (1983) The bottom profile 
was taken to be smooth. The angle of the sloping bed to the horizontal was measured as 4.5^. 
Figures 5.61, 5.65 and 5.69 (within sections 5.7.5 to 5.7.7) show the bed shear stresses 
fc (calculated from a logarithmic approach), the mean bed shear stress due to waves and currents 
Tut, and the maximum bed shear stress due to the waves and currents ruxinm (remembering that 
and TUT: nia.x werc calculated from a parameterisation o f the Huynh Tannh and Temperville 
(1991) model), plotted against time for tides 2, 4 and 8. Wave height and depth are also shown. 
5.7.4 Overview 
Tables 5.6 to 5.9 inclusive summarise all the bed shear stress results. Generally TC values 
for all tides were o f a similar order of magnitude reflecting the similar range of mean velocities. 
Obviously the trends in TC followed the variations in mean velocity. Minimum values occurred 
about 20 minutes after high water. However and r^r values showed much greater variation 
because of the changes in wave conditions. The results are discussed in more detail below. 
M i n . Mux. Me:in Tc nt high 
water 
Max. 
Velocity 
(ms") 
Min. 
Velocity 
(ms-*) 
Tide 2 4.9*10-^ 0.0833 0.0237 0.0162 0.216 0.0111 
Tide 4 7.15*10"* 0.0871 0.0264 0.0343 0.172 0.0087 
T ides 0.00437 0.224 0.0784 0.0708 0.243 0.0342 
Table 5.7 Sumnmry of the bed shear stress due to waves (TW) in Nni ^ 
Min. Max. Mean 
zw 
Tw at high 
water 
Max. 
/ / , (m) 
Min. 
/ / , (m) 
Tide 2 0.129 1.37 0.431 0.149 0.339 0.169 
Tide 4 0.005 0.076 0.021 0.013 0.070 0.012 
T ides 0.021 1.54 0.129 0.027 0.245 0.002 
Table 5.8 Summary of the mean shear stress due to waves and currents (r^c) in Nm 
Min. Max. 
T^^ 
Mean Twc 
at high water 
Tide 2 0.00359 0.267 0.0493 0.0225 
Tide 4 0.00140 0.113 0.0293 0.0353 
Tides 0.00451 0.224 0.0908 0.0708 
Table 5.9 Summary of maximum shear stress due to waves and currents (z^rmai) in Nm'^  
Min. 
Twc max 
Max. 
'^ "wc max 
Mean 
Twc mai 
^wc max 
at high water 
Tide 2 0.210 5.673 1.175 0.210 
Tide 4 0.0197 0.433 0.0924 0.0695 
Tides 0.0153 4.537 0.382 0.0811 
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It is worth noting, that fv, values were generally greater than r^ ^ values. This unusual 
result was due to differences between the empirical derivations o f the friction factors used to 
calculate zw, t;* and as explained in Chapter 4, section 4 6.3. 
The calculated shear stress values showed good agreement with shear stress data from 
other studies at Portishead by Freeman (1994) and Whitehouse and Williamson (1996), 
particularly during periods o f comparable environmental conditions Both Freeman (1994) and 
Whitehouse and Williamson (1996) calculated maximum bed shear stress values in excess o f 1 
Nm'^ for wave dominated conditions (/ / , > 25 cm) and minimum values of two orders magnitude 
less, for calm current dominated conditions. 
Figures 5 .59, 5 .63 and 5 .67 show the variation of the Ursell parameter (Ur) with time for 
the three tides described The lV\y Uii parameter was calculated for all three tides and the values 
are shown in figures 5 58, 5 64 and 5 66 The changes in theoretical limits and dominant 
hydrodynamic conditions for each of the three tides need to be considered during the following 
sections which discuss the shear stresses and suspended sediment concentrations 
5.7.5 Tide 2 22/6/94 
The flows were wave dominated for the majority o f the record with the IVii/Un 
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Figure 5.59 Ursell parameter and depth variation for Tide 2 
The Ursell parameter results in figure 5.59 showed that the sinusoidal theory used was unreliable 
f o r / i < 1.0 m. 
Wave activity formed the most significant contribution to the total shear stress for this 
record, with the current contribution typicaUy an order o f magnitude less than the wave 
contribution (shown in figures 5 60 and 5.61) was around 0.32 m at the beginning o f the 
record and decreased, with time and increasing depth, to a minimum of 0.22 m at high water. 
The sea surface became calmer and wave heights decreased as wind speeds moderated, but these 
effects were balanced somewhat by an increase in the wave height because o f shoaling at the end 
of the record 
The highest shear stresses, with Vy^ rm. values in excess o f 2 0 Nm"^, were measured in 
the shallow water (h< 1 5 m) at the beginning and end of the record As water depths increased 
towards high water, the wave orbital motions close to the sea bed became smaller due to 
increasing attenuation, and the bed shear stress values decreased (^ »^c max * 0.2 Nm'^). Not 
surprisingly, the fluctuations in TC closely followed the variations in the mean current The 
maximum value for TC was 0.083 Nm"^, whilst the maximum value for rv« was 0 267 Nm"^. The 
values for r^ c max were in close agreement with those obtained by Freeman (1994) during similar 
environmental conditions The greatest potential for erosion occurred at the start and end o f the 
record, when the bed shear stress exceeded the bed shear strength (see Chapter 7, section 7.1.6). 
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Figure 5.60 Bed shear stress due to waves (x^) for Tide 2 
The greatest potential for erosion occurred at the start and end of the Tide 2 record because o f 
the larger shear stresses at these times 
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122 
5.7.6 Tide 4 23/6/94 
The wave: current dominance factor was generally less than 0 54 and thus the flow 
hydrodynamics were considered to be current dominated for the whole o f the record lV\y U\5 
values only exceeded 0 54 when the mean current velocities decreased below 0.05 ms ', which 
occurred at slack water (08 04 hrs) and in the last 45 minutes of the record (figure 5 62). 
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Figure 5.62 W^/l/,5 and depth variation for Tide 4 
Sinusoidal theory was applicable in shallower water than for tide 2 because of the smaller 
waves during this record Figure 5 63 shows linear wave theory was unreliable when depths 
were below 0.5 m at the beginning o f the record, and for depths below 0.3 m at the end o f the 
record 
Because o f the calmer, current dominated flow conditions, the calculated wave shear 
stress values in figure 5 64, were much lower than those o f tide 2. The maximum shear stress 
(Tucinax) was 0.433 Nm'^ a tenth o f the maximum value during tide 2 However, values were 
similar to those for tide 2, ranging fi-om 0.00072 to 0.087 Nm"^ (see table 5 6) resuhing ft^om 
similar variations in the mean tidal flow The TV, values ranged fi-om 0.005 to 0 076 N m w i t h 
the largest stresses being calculated ft^om the first 20 minutes o f the record As water depths 
increased the near bed orbital velocities became smaller, reaching a minimum around high water 
There was an interesting increase in / / , , TC, r^, r>« and T^rtutx around 08:30 hrs (shown 
in figures 5.64 and 5.65) This resuhed fi-om a rise in velocity about 30 minutes after high 
123 
water, together with an increase in wave activity, ( / / , = 0.07 m) There was no wind at this 
time, and it is ix)ssible that interference between the accelerating current and the wave field 
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Figure 5.63 Ursell parameter and depth variation for Tide 4 
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Figure 5.64 Bed shear stress due to waves (r^) for Tide 4 
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produced increased oscillations in the velocity time series Examining the time series showed 
that at 08:30 hrs mean variance values were 0 0016 m^s^ ten times larger than eariier in the 
record For example at 08:19 hrs the mean velocity variance value was 0 00023 m^s'^ This 
increase in velocity variance produced an increase in the calculated wave heights and hence shear 
stresses for this period. Because the actual wave heights were small, any slight increase in the 
velocity variance causes a significant peak in the shear stresses in figures 5 64 and 5 65 The 
author did not observe an increase in either the wave heights or wave activity and the peaks in 
figures 5 64 and 5.65 were attributed to fluctuations in the tidal flow 
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Figure 5.65 Bed shear stress (TC, TV^, and ^^ c^max) and //«variation for Tide 4 
Shear stresses decreased towards the end o f the record, reaching a second minimum at 
around 08:50 hrs This reduction in bed shear stress (while the water depth decreased) was due 
to the rapid flow deceleration fi-om 08:45 hrs The shear stresses for this tide were dominated by 
the mean tidal flows, such that TC * T^. 
5.7.7 Tide 8 25/6/94 
The Wiy Uis parameter (in figure 5.66) shows that flow conditions were dominated by 
waves and currents alternately Generally, while depths were below 4.0 m, IVi^ UM values were 
greater than 0 54, and hence the flow was considered to be wave dominated. Wave activity was 
significant at both the beginning and end of the record Over high water, when depths exceeded 
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4 0 m, the conditions were considered to be current dominated (i.e Wxy Un < 0.54). Sinusoidal 
theory was unreliable for depths less than 0 4 m torn the Ursell parameter results in figure 5.67. 
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Figure 5.66 IVis/Un and depth variation for Tide 8. 
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Figure 5.67 Ursell parameter and depth variation for Tide 8 
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Wave activity increased prior to Tide 8, and values o f 0.1-0 2 m were calculated 
during the record. The waves increased the bed shear stresses as shown in figures 5 68 and 5 69 
06:36:00 07:48:00 09:00:00 10:12:00 11:24:00 
Timc(Hr:Mn:S) 
-o-TauUuv -^TauUtt -*-I>pth 
Figure 5.68 Bed shear stress due to waves (r^) for Tide 8 
Figures 5 68 and 5 69 show that shear stresses were greatest at the start o f the record (h < 1.0 
m) with a r^ H: niK o f 4.537 N m T h e waves (/ / , = 0.24 m) produced much larger bed shear 
stresses than those due to currents alone (TC « 0.2 Nm"^). As the water depth increased the 
contribution o f waves to the total bed shear stress became less When depths exceeded about 
4 0 m (% 07:50 hrs), r^ c * = ^^j, and from this it was assumed that the waves no longer 
contributed significantly to the total bed shear stress. Maximum water depth at high water was 
just below 6 0 m. This was due in part to the larger tidal range and the lower sampling position 
on the beach. (Maximum depths for tides 2 and 4 did not exceed 4.0 m). From the velocity time 
series, the wave orbital velocities appeared to be completely attenuated before reaching the 
sediment when the depth was greater than 4 0 m. As water depth decreased below 4 0 m on the 
ebb tide, waves became significant again and the shear stress values were suitably enhanced It 
was assumed that significant amounts o f erosion occurred during these shallow water periods 
because the waves increased the bed shear stresses above the bed shear strength 
As would be expected, fc values followed the mean velocity variations. When water 
depths were below 1 25 m, values were generally an order o f magnitude less than T^,?J\A 
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T^ m« values. The minimum value o f TC for this tide was 0 0044 Nm ' (see table 5.6), which is 
ten times greater than for tides 2 and 4 This was due to the higher mean current speeds, which 
resulted fi-om the large spring tide and lower position o f POST on the mudflat 
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Figure 5.69 Bed shear stress (TC, TWC, and T.^^ and //«variation for Tide 8 
5.8 Summary 
Tide 2 was recorded in stormy conditions During the previous 48 hours there were 
consistent onshore south-westerly winds, with speeds between 10 to 20 knots The south west 
wind speed increased to a maximum of 30 knots around midnight on 21/6/94. The south-
westeriy winds generated significant swell, which refi-acted into Woodhill Bay, producing 
breaking waves (/ / , > 50 cm). Heavy rain prevented any fi-esh deposits fi-om consolidating and 
gaining strength, and these fi-esh deposits were readily removed by the wave activity Thus, the 
surface of the bed predominantly consisted of exposed overconsolidated mud layers It appeared 
that earlier wave activity had removed less consolidated surface deposits and began to erode the 
harder underlying mud layers, which were broken into brick-like sections (as in plate 4 3). The 
tidal cycle o f the 21"* appeared to clear the cross-shore runnels o f a fluid mud deposit that was 
present when the author first arrived on site It is also thought that the stormy period served to 
increase background susp)ended sediment concentrations throughout the Portishead section o f 
the estuary, with mean flows advecting suspended sediment o f f the intertidal areas, towards the 
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deeper tidal channels. The sediment could then be cycled throughout the estuary with the 
varying tidal currents. 
However, suspended sediment fluctuations were not purely dependant upon the 
immediate flow conditions. Background concentrations were also related to events from 
previous tidal cycles. Close examination o f the concentration times series data for tide 2, 
indicated there were vertical variations, with maximum concentrations measured close to the 
bed. There were strong correlations between the oscillatory inotions o f the waves and the 
fluctuations in concentration. The nature o f the correlations indicate that the waves were able to 
move the high concentrations up and down, in phase with the waves, passed the sensors. 
Erosion occurred but not as a clearly event like, wave by wave process. Examination o f the time 
lags between discrete events at the various OBS proved to inconclusive. The nature o f the 
suspended material was such that individual wave erosion sequences were unlikely to be 
recorded. For non-cohesive studies o f sand resuspension under individual waves, by examining 
the time series it is often relatively simple to identify a critical velocity or acceleration value 
which is dominating the resuspension processes. The erosion processes at Portishead were 
complicated by the long time lags between resuspension, and settling. The time lags were 
invariably longer than the wave period, and a second wave could thus cause further resuspension 
of material, which mixed with that ft-om the first suspension event. After a very short time, the 
sediment bursts becaine intermingled and individual wave events were impossible to discern. It 
was very difficult to use a non-cohesive "time domain approach" to successfully identify 
individual wave erosion processes. Examining the fi"equency domain allowed some of the wave 
effects to be identified. 
Erosion due to waves was assumed to occur in the shallower water when > Xan and as 
a result concentrations increased in the overiying water. As sediment was removed then TCHI was 
likely to increase, and i f > Xh erosion would cease. The suspended sediment was assumed to 
consist o f a range of difterent floe sizes and settling velocities. In calm conditions it was possible 
that some degree of sorting occurred where higher density, faster settling floes concentrated 
closer to the bed than lower density floes. (However, there were no measurements made which 
might support this theory). Very dense floes were likely to settle between individual waves, 
whilst the lower density floes were more likely to be evenly distributed through the water 
column. These types o f processes may have contributed to the vertical concentration gradients 
which were measured, particulariy during current dominated periods. It was observed by Mike 
Fennessy (pens comm.) that there was a large percentage o f dense material in suspension which 
would settle rapidly to form a vertically fluctuating layer close to the bed in response to the 
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waves. There were difl^iculties distinguishing when concentration variations were dominated by 
waves or advection processes. The higher concentrations measured at the end o f the week, were 
considered to result from the earlier stormy conditions, tidal resuspension o f fluid muds fi-om the 
deep water channels offshore and some localised erosion. Chapter 7 discusses the above points 
fijrther and defines the Toii values. 
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Chapter Six: 
Skefflins field experiment results 
Table 6.1 below summarises all the files collected during "tides" I to 7. Each file was I 
minute 53.77 seconds long, and consisted of 2048 readings, sampled at 18 Hz. Files were 
combined into pairs to give 4096 data points, and these paired files were used for the variance 
and spectral analysis. 
Table 6.1 All time series data files. 
Tide Date Time (hrs.) File Size Description 
nos. Start End number (mB) of data 
1 13/4/95 14:51 16:07 0-40 LL131 4.28 Flood tide, afternoon 
16:11 17:09 0-31 LL132 3.34 
2 14/4/95 15:55 20:05 0-132 LL14I 13.89 Flood and ebb tide, afternoon 
3 15/4/95 04:08 05:15 10-45 LL151 3.76 Flood tide, early morning 
18/4/95 
4 to 
19/4/95 
20:43 00:04 0-106 LLI82 11.18 Ebb tide, night. 
5 19/4/95 06:41 07:17 0-19LL191 2.09 Flood tide, morning 
6 20/4/95 10:49 13:16 0-77 LL203 8.14 Ebb tide, midday 
7 20/4/95 19:24 19:36 0-6 LL204 0.73 Flood tide, evening 
19:39 21:33 0-60 LL205 6.37 ^ 54 mB total hinary files 
Data fi-om tides 2, 6 and 7 only, are described in detail by this chapter. These records 
were considered to best represent conditions during the week. Some time series data ft'om tide 3 
on the upper part o f the mudflat are also mentioned. 
Despite missing the first 25 cm of coverage for tide 2, this data is described as it was the 
only record which included both covering and uncovering o f the mudflal by the same tide. Tides 
6 and 7 are also described for comparison, as they were considered to be representative o f the 
flood and ebb conditions experienced. There was particular confidence in the optical calibrations 
for these last two tides, as simultaneous water bottle samples were obtained throughout the 
measurements, and thus allowed direct comparisons to be made between the i/i-situ water bottle 
concentration and sensor response. All the following figures show data fi-om a sensor when it 
was completely covered by water, and where appropriate, the sensor heights above the bed are 
given by the graph legends. The sensor heights (summarised by table 6.2) were accurate to the 
nearest half centimetre due to the presence of small scale bedforms. Table 6.3 gives the tidal 
predictions from the Port o f Immingham for tides 2, 3, 6, and 7. (Local high water was about 35 
to 45 minutes eariier than Immingham, from field observations). 
The weather conditions were fairiy calm, consisting o f high pressure and light winds (as 
summarised in table 6.4). The low wind speeds did not generate significant wave activity across 
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the mudflat. Winds were lightest early in the day, and generally mean speeds only increased 
because o f local sea breezes. The resulting small surface ripples or waves had a negligible effect 
on the net sediment flux, and the oscillatory flux component was about two orders o f magnitude 
lower than the mean flux. 
The sea surface was calmest when depths were less than I m, with significant wave 
activity usually only occurring as the depth increased. This trend served to reduce the eroding 
eflTects o f any wave activity, as the near bed orbital velocities were invariably very small at all 
stages o f the tide (during the study period). 
Table 6.2 Sensor heights during tides 2, 3, 6 and 7 
Date OBS E M C M E M C M discus 
(April Tide File Probe nos. heights heights orientation 
1995) Nos. Name above bed above bed 
(cm) (cm) 
14^ LL14I 1 17 12.5 Face down 
to 15^ 2 to 3 to 2 10.5 17.5 Face up 
LLI51 3 26 26.5 Face down 
4 39.5 39.5 Face up 
LL203 1 17 10 Face down 
20'^  6 to 7 to 2 9.5 15 Face up 
LL205 25 24 Face down 
4 38 37 Face up 
Table 6.3 Tidal predictions for Imniingham, f rom Admiral ty tide tables 1995. 
Date Timc(hrs BST) Height (m) 
05:56 6.9 
Friday 14/4/95 12:04 1.4 
17:59 7.2 
04:08 1.1 
Thursday 10:00 6.9 
20/4/95 16:33 1.1 
22:36 6.8 
6.1 Salinit>', temperature and depth 
Salinity values were relatively consistent throughout the study period, with values 
ranging from about 31 to 33 p.p.t. Water temperatures ranged fi'om 6 to 9 *^ C. Salinity and 
temperature were considered to be unimportant factors controlling erosion o f the mudflat. The 
changes in the water depth for each tide are shown in figures 6.1 to 6.3 overieaf. 
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Table 6.4 Summary of meteorological conditions and sea state during the study period 13"^  to 20^ April, 1995. 
Wind speed Wind Pressure Air % Sunlight Description 
Date Time (ms^) direction Temp. Humidi ty (Wattsm*) of sea state 
mean maximum (degrees) (millibars) ( ^ Q (l=darkness) 
13 th April 00:00 0.7 2.1 329 1036 4.9 97 1 Light northeriy winds 
Thursday produced 10-15cmhigh 
12:00 3.4 6.3 71 1039 10.7 88 264 waves across sea surface 
14th April 00:00 0.4 1.4 263 1039 6.1 100 1 Calm conditions during 
Friday night, wavelets later in day. 
12:00 3.4 6.2 247 1035 16.4 83 643 Height 5-15cm 
15th April 00:00 1.7 4.2 292 1028 9.6 89 1 Calm, only small ripples 1-
Saturday 3cm on sea surface, due to 
12:00 4.6 9.2 004 1025 10.6 81 488 light morning wind 
18th April 00:00 3.3 7.6 249 991 9.3 98 1 
Tuesday 
12:00 4.0 7.7 305 998 5.7 80 326 
19th April 00:00 2.3 4.9 275 1002 2.4 97 1 Light breeze set up small 
Wednesday (5-8cm) ripples on sea 
12:00 3.7 8.9 322 1003 6.4 88 487 surface in morning 
20th April 00:00 3.0 5.4 236 1006 2.1 100 1 Slight westeriy swell of 
Thursday period 10-12 seconds, 
12:00 2.9 5.6 276 1007 9.4 78 601 waves 5-10cm high. 
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Figure 6.1 Mean depth. Tide 2, 14/4/95. 
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Figure 6.3 Mean depth. Tide 7, 20/4/95. 
6.2 Data limitations 
The shapes of the mean velocity and concentration venical profiles show some 
irregularities. For several of the sensors, there v^ ere consistent deviations from the expected 
profile. These deviations were attributed largely to problems with the individual sensor 
calibrations. Such suspect data from these sensors is not discussed within the following sections. 
6.2.1 Velocity d;Ua 
Particular flow speed anomalies included EMCM 2 in tides 6 and 7, which was 
considered to be underestimating mean flow speeds. In general, the mean vertical profiles were 
strongly effected by variations in the EMCM sensor offsets. Attempts were made to correct for 
these changes, but no sensible improvements were obtained. Results are therefore described and 
plotted using the offsets as measured in the field. 
6.2.2 Concentration data 
Three in-situ calibrations were performed, using surface sediment to make up a variety of 
representative concentrations. However, there were marked differences in some of the 
concentration results. OBS 4 overestimated concentrations, particularly during tide 2, and to a 
lesser extent during tide 6. However, most overall confidence was placed in the calibrated values 
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from tides 6 and 7, which were cross calibrated with simultaneous water bottle samples This 
removed any error arising from differences between the "surface sediment'' calibrations, and the 
actual suspended sediment population The mean concentration data are thus plotted as 
calibrated Despite the anomalies, clear trends were seen, with evidence of stratification at times 
6.3 Mean velocity and concentration 
Figures 6 4 to 6 9 show the temporal variation of burst mean velocity and concentration 
for tides 2, 6 and 7. There were strong onshore flows (> 0.25 ms ') during the first hour of 
coverage for all records, because of the large, gently sloping, expanse of mudflat. 
Concentrations were closely linked to the mean flow speeds (and shear stresses) when h<\Om. 
6.3.1 Tide 2 14/4/95 
Data were not recorded for this record during the first few minutes as the leading edge of 
the water moved onshore Measurements commenced when the depth reached 0 25 m 
6.3.1.a Velocity data 
Data in figure 6 4 were recorded at station A, about two hours either side of the local 
high water at 17:42 hrs, from 15:56 to 20:06 hrs. Both the end of the flood, and the beginning 
of the ebb phase of the tidal cycle were recorded Maximum current speeds of 0 32 ms"' 
(towards 035^) were recorded at the start of the record. The onshore flow then decreased to a 
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Figure 6.4 Mean velocity Tide 2, 14/4/95. 
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minimum of0 02 ms ' before high water As depths increased (h > 0 80 m), the current direction 
veered slowly to the south-east After high water, the current flowed parallel (*125^) to the 
shore, and the speed increased to approximately 0 40 ms'V This alongshore, ebb flow remained 
steady until the depth decreased below 0.6 m. The current then veered further to the south, 
flowing in a cross-offshore (*145^ direction until all the sensors were exposed at 20:06 
63A.b Omcentratifm data 
Concentrations in figure 6 5 were greatest (0 670 gL*') at the start and end of the record 
in the shallow water (h < 1.0 m) which flowed past the rig. Concentrations decreased to reach 
minimum values of around 0 370 gL"\ over the high water period 
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Figure 6.5 Mean concentration Tide 2, 14/4/95 
6 J.2 Tide 6 20/4/95 
Figures 6 6 and 6 7 show velocity and concentration data respectively, obtained during 
the midday ebb tide (where low water was at 16:33 hrs) Velocities at the start of the record (i e 
10:45 hrs) were between 0 22 to 0 28 ms"' toward the south-east, with mean concentrations of 
0.30 gL'V The current speed gradually decreased to a minimum of 0.1 ms ' around 12:40 hrs, 
and the direction veered southwards Just before uncovering (/? < 0.5 m), when the water depth 
was less than 0 50 m, the velocities increased to 0.2 ms ', with a simultaneous increase in 
concentration to over 0 5 gL"V There were high concentration, near bed suspensions, that were 
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redistributed up through the water column during the ebb tide The shallow ebbing waters then 
pulled the these high concentrations off the mudflat 
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Figure 6.7 Mean concentration. Tide 6, 20/4/95. 
138 
633 Tide 7 20/4/95 
Velocity data are shown in figure 6 8, with high water at 22:36 hrs The mean trends 
were slightly different to those observed for previous tides Currents speeds were at a maximum 
during the first few minutes of the record but then decreased as the depth increased to 0 75 m, 
reaching a minimum of 0 1 ms'V The initial flow direction was onshore (060^) and this direction 
remained steady until the record finished However, there was a second velocity maximum of 
approximately 0.40 ms ' at 20 30 hrs (/i 5= 1 7 m) 
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Figure 6.8 Mean velocity Tide 7, 20/4/95. 
The increase in speed af^ er 19:50 hrs was due to swirling eddies as the tidal waters 
flowed around the bow of the boat The POST ft-ame was in the lee of the bow for some of the 
record Initially current flow around the sensors was unimpeded, but the sensors became 
increasingly eflfected by eddies in shallow water (h > 0 4 m). These eddies altered the flow 
patterns in the vicinity of the sensors The flow was at a minimum around 19:50 hrs, because of 
the boat's particular sheltering effects At about 20:15 hrs the boat floated off the bottom and 
these shekering effects ceased After the second velocity maximum at 20:30 hrs, current speeds 
decreased to 0 12ms'' just before high water The depth at the end of the record was 2 60 m 
Maximum concentrations (shown in figure 6 9) were 0 850 gL'' at 19:30 hrs These 
decreased rapidly, during the first half hour of the record From 20:00 hrs concentrations varied 
between 0.33 to 0.48 gL'', partly due to variations in suspended material advected onshore fi-om 
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deeper water. However, there were some correlations between these concentration changes and 
local variations in current speed, suggesting that more local processes were also important For 
example the increase in the current speed (from 0 10 to 0 37 ms') from 19:50 to 20:15 hrs, 
increased the rates at which settling sediments were redistributed up into the water column, and 
so contributed to the increase in concentration from 19:55 to 20:21 hrs 
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Figure 6.9 Mean concentration Tide?, 20/4/95 
6.4 Detailed time series 
Some time series data, from tide 3, are presented in greater detail in this section. The 
changes in concentrations were extremely marked during the first few minutes of the flood 
phase, as the water covered the upper mudflat at station A. The rate of change of concentration 
during this period, was greatest for tide 3 because of the high position on the mudflat. 
Concentrations in the leading water's edge were at a maximum following a cumulative increase 
in turbidities after the tidal waters had flowed across almost 5 km of mudflat 
6.4.1 Tide 3 15/4/95 
Approximately three minutes of concentration and velocity time series data are shown in 
figures 6 10 and 6 11 respectively (The raw velocity data in figure 6.11 help show the actual 
wetting of the EMCM sensors). The data shown are from the beginning of the record 
immediately after each sensor was covered by the advancing water The mean velocity remained 
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constant for the first three minutes of tide 3, and showed the rapid short tenm decline in the 
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Figure 6.10 Concentration time series at start of Tide 3 (/K 0.2 m) 15/4/95. 
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Figure 6.11 Velocity time series at start of Tide 3 (/K 0.2 m) 15/4/95 
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concentration was not solely related to flow speed. (However, the lower frequency mean 
concentration fluctuations were closely linked to mean velocity, as described in chapter seven). 
The leading edge of the water flowed onshore at over 0.60 ms'V The lowest OBS was 
completely covered at 04:14.15 hrs and concentrations exceeded 7.0 gL'' (A < 0.12 m). These 
high concentrations decreased rapidly (to less than 2.0 gL*' in 90 seconds) as the water level rose 
(h ^  0.21 m). The second lowest OBS was covered at 04:16.08 hrs. OBS 3, at 26 cm above the 
bed, was completely covered at 04:19.09 hrs. Concentrations continued to decrease but at a 
much lower rate than during the first two minutes of coverage. The strong onshore flow 
produced visibly high concentrations in the leading edge of the water which flowed over the 
mudflat. These high concentrations were from the resuspension of the top few millimetres of the 
weak surface deposit. This deposit consisted of a mixture of material with a low shear strength 
(Amos ei al., 1996). This weak layer was the result of deposition during the previous ebb cycle, 
and the movements of micro organisms and other biological activity during exposure. Algal 
layers and other organic debris were lifted off the sediment surface by the advancing water and 
carried onshore within a very narrow high concentration band {h < 0.25 m). The rapid decrease 
in concentrations suggested there was a strong settling flux and it is probable that resuspended 
material from lower down the mudflat would settle at a higher location as the tide continued to 
advance. A balance is likely to exist between rates of resuspension and settling within the high 
concentration band. 
The highest OBS at 39.5 cm above the bed (not shown) was covered at 04:22.48 hrs, at 
8 minutes and 33 seconds after the lowest sensor. Concentrations were greatest close to the bed 
and there is some evidence of a near bed concentration gradient. This could be seen from a 
larger range of high frequency fluctuations for the lowest OBS. These fluctuations resulted as 
the high concentrations moved past the lowest sensor in response to local turbulence. 
6.5 Velocity variance 
The velocity variances due to wave efl^ ects were very small. Typical values are shown in 
figures 6.12 to 6.14 from tides 2, 6 and 7. Cycles of variance of the order of 4 minutes are 
apparent in the figures, because each value was calculated from 3 min and 47 s of time series. 
Figure 6.12 shows variance data for tide 2. Values only increased above 0.004 mV^ 
after 18:30 hrs, during the ebb phase of the tidal cycle. This rise was due to a change in Hs from 
0.05 to 0.15 m at the end of the record. Calmer conditions were present during tide 6, 
particularly in the shallow water before exposure of the mudflat. Hs ranged from 0.12 m (at 
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11:00 hrs) decreasing to 0.05 m (at 12:45 hrs), and produced mean variances of about 
0 00175 mV^(in figure 6.13). 
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Figure 6.12 Velocity variance. Tide 2, 14/4/95 
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Figure 6.13 Velocity variance. Tide 6, 20/4/95. 
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The largest variances were present during tide 7, as shown in figure 6.14 Values 
exceeded 0 008 m s^'^  for much of the early flood period (h < 1.0 m), decreasing as the water 
depth rose The variances during the eariy part of covering were not due to waves, but were 
caused by the advancing tidal waters swiriing around the vessel's bow, as mentioned in section 
6.3.3. The surface waters were reasonably cabn, with north-westeriy wind speeds < 1.5 ms'V 
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Figure 6.14 Velocity variance Tide 7, 20/4/95. 
The calculated variance values help show the variation in wave activity for the three 
tides The majority of the data recorded at Skeffling were not significantly influenced by waves 
6.6 Sediment fluxes 
The sediment fluxes are plotted as the time series in figures 6.15 to 6.26 
A positive // c and u'c' produced an onshore flux (towards 355*^ , while a positive 
V c and v'c' value produced a westeriy transport (towards 265*^  Generally the mean fluxes 
were much greater than the oscillatory fluxes, and the tidal currents were largely responsible for 
the erosion and transport of sediment 
Sediment movements due to wave eflfects were negligible during the study period, and 
not surprisingly, the oscillatory flax values were greatest in very shallow water ( / i < 0.5 m) 
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6.6.1 Tide 2 14/4/95 
The mean uc flux (in figure 6 15) was strongly onshore (^ ^ 0 15 kgm'^s'') during the first 
20 minutes of the flood Values of uc decreased to zero around high water before increasing in 
magnitude and changing direction offshore, following the ebb tidal flow 
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Figure 6.15 Mean cross shore fluxes Tide 2, 14/4/95. 
There was also a consistent easteriy trend for the v c flux(figure 6.16) throughout the record, 
with values of about 0 025 to 0 1 kgm'^ s V The cross shore flux was driven by the tidal flow, 
while the 4 to 8 ms ' westeriy wind produced an easteriy drift, which contributed to the 
longshore (v c ) flux. The oscillatory fluxes were much smaller than the mean fluxes (with 
values < 0 0001 kgmV) and the flux directions were largely random (figures 6.17 to 6 18) 
Values were greatest at the beginning and end of the record, because of the increase in 
concentrations in the shallower water However, there was a large peak in both the IJ and \ ' 
oscillatory fluxes at about 19:25 hrs Examination of the time series showed there was a increase 
in concentrations (by about 200 mgL *) for about 25 seconds, which was measured by the lowest 
three OBS. This increase in concentrations produced the negative peak in the oscillatory flux 
figures, and was most likely due to advection of a high concentration suspension past the POST 
system 
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Figure 6.16 Mean long shore fluxes Tide 2, 14/4/95. 
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Figure 6.17 Oscillatory cross shore fluxes Tide 2, 14/4/95. 
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Figure 6.18 Oscillatory long shore fluxes. Tide 2, 14/4/95 
6.6.2 Tide 6 20/4/95 
The maximum mean fluxes in figures 6.19 and 6.20 were about 0.1 to 0.15 kgm'^ s ' in an 
offshore direction, because of the southerly movement of the ebbing water 
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Figure 6.19 Mean cross shore fluxes Tide 6, 20/4/95 
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Figure 6.20 Mean long shore fluxes Tide 6, 20/4/95 
The oscillatory fluxes (in figures 6 21 and 6 22) were much smaller with values of about 
0.0003 kgm'^s' and rvalues of around 0 00002 kgm'V. The lower wind speed ( « 3 ms') was 
insufficient to cause wind drift at the end of the record 
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Figure 6.21 Oscillatory cross shore fluxes Tide 6, 20/4/95. 
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Figure 6.22 Oscillatory long shore fluxes Tide 6, 20/4/95 
6.6.3 Tide? 20/4/95 
The mean fluxes (shown in figures 6.23 and 6.24) were onshore, with values ranging 
fi-om about 0 1 to 0 3 kgm'^s'', as a resuh of the strong onshore flood flow 
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Figure 6.23 Mean cross shore fluxes Tide 7, 20/4/95. 
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Figure 6.24 Mean long shore fluxes Tide 7, 20/4/95. 
Mean fluxes reached a minimum around 19 45 hrs because of the sheltering eflfects of the 
vessel's bow A second minimum was recorded at about 21 30 hrs which reflected the increase 
in depth towards the slack water period Oscillatory fluxes (in figures 6.25 and 6.26) were much 
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Figure 6.25 Oscillatory cross shore fluxes Tide?, 20/4/95. 
150 
lower than the mean fluxes because of the calm sea conditions and low wind speeds. IJ and I ' 
v alues were around 0 0001 kgm'^ s ' for much of the record, and the flux directions did not show 
any consistent trends 
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Figure 6.26 Oscillatory long shore fluxes. Tide?, 20/4/95. 
6.7 Spectral analysis 
The oscillatory fluxes of tides 2, 6 and 7 were examined further by spectral analysis of 3 
min 47 s of raw time series (i e 4096 data points) The oscillatory fluxes were most significant 
when /? < 0.5 m, and typical time series bursts of about 1 minute (1080 data points) are presented 
fi-om these periods Figures also show some of the velocity and concentration spectra, cospectra 
and coherence results ft-om 4096 data readings, obtained fi-om the lowest sensor pair, within 15 
cm of the bed. (The precise heights above the bed are given by the figure legend or title) The 
figures are described briefly below. Because wave effects were negligible, oscillatory fluxes (and 
cospectral estimates) were small when compared with the mean fluxes Unlike some of the 
Portishead data (particularly Tide 2) oscillatory fluxes were not obviously peaked at incident 
wave fi-equency, and there were no significant variations in the oscillatory fluxes with depth The 
cospectral estimates from Skeflfling are one or two orders of magnitude less than the wave 
dominated cospectra results fi^om Portishead 
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Some general points are discussed in sections 6.7.1 to 6.7 3, while the summary section 
6.7.4 (and the accompanying figures numbered 6 36 to 6 47) all provide an overview of the 
spectral results obtained ft"om the lowest sensor pair Reference is made in sections 6.7.1 to 
6.7.3 to some of the summary figures in section 6 7 4 
6.7.1 Tide 2 14/4/95 
Figures 6 27 to 6 29 show resuhs fix>m water 0.35 m deep. There were small waves 
(height 10-15 cm) on the sea surface during the afternoon, which were the resuh of a northerly 
sea breeze (mean speed 3.4 ms*'). There was a small broad peak (fi-om 0.2 to 0.9 Hz) in the 
velocity spectrum in figure 6 27, centred around 0.45 Hz. The waves produced velocity 
fluctuations in the time series (figure 6 28) of magnitude 0 10 ms'V The concentration spectrum 
(in figure 6.27) was peaked at 0 6 Hz, and there was significant coherence (figure 6.29) between 
concentration and velocity across the 0 2 to 0.9 Hz range The energy in the velocity spectrum 
was fairly low, especially when compared to the Portishead velocity spectra ft-om wave 
dominated periods This resuhed in low cospectral values (see figure 6 38) and a small 
oscillatory flux value 
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Figure 6.27 Cross shore velocity (m^s'^ ) and concentration {g\'h'^) spectra 
Tide 2, (/i = 0.35 m). 
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Figure 6.29 Velocity and concentration coherence. Tide 2 (h = 0 35 m) 
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6.7.2 Tide 6 20/4/95 
Time series and spectral analysis results from this ebb tide (0 25 m deep) are shown in 
figures 6 30 to 6 32 Near bed orbital velocities reached 0.05 ms ' and concentration fluctuations 
were less than 0 1 gL'' (figure 6 30). Spectral densities for velocity (figure 6 31) were similar to 
those during tide 2, but the fluctuations were not significantly peaked at any particular frequency 
There were small velocity peaks at 0.9 Hz, due to local wind variations which produced a 
confiised wave field of small wavelets The cospectral estimates (shown in figure 6 42) were 
low, but there were some significant peaks in coherence at around 0 9 Hz. (figure 6.32). These 
peaks showed that some of the fluctuations in the concentration times series were dependent 
upon similar frequency variations in velocity However, the magnitude of the overall oscillatory 
flux remained comparatively low and the effects of surface waves on sediment movements 
remained small 
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Figure 6.30 1 minute of raw time series. Tide 6 {h = 0.25 m). 
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Figure 6.31 Cross shore velocity (m s^ ') and concentration (g^L '^ s') spectra 
Tide 6 {h = 0.25 m) 
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Figure 6.32 Velocity and concentration coherence. Tide 6 {h = 0.25 m) 
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6.7.3 Tide 7 20/4/96 
Figures 6 33 to 6 35 show some of the time series and spectra results from water 0.3 m 
deep There was a weak signal of period around 15 s viable in the velocity time series and 
spectra This was due to the swiriing eddies set up in the lee of the vessel by the advancing tide 
There were also small waves present of period * 3 s, and the maximum orbital velocities were 
about 0 05 ms ' near the bed (in figure 6 33) The velocity and concentration spectra in figure 
6.34 were similariy peaked at about 0 3 Hz. Coherence values (figure 6 35) for the same sensors 
were not significant (< 0 21). The oscillatory fhix values were largely due to the eddies around 
the vessel, but were very small when compared with the mean flux values of 0 1 to 0.3 kgm'^ s V 
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Figure 6.33 1 minute of raw time series. Tide 1 (h = 0 30 m). 
6.7.4 Summary 
Tidal flows dominated the sediment movements across the Skeffling mudflats, producing 
large mean fluxes, particularly during the first few minutes of covering by the advancing flood 
tide Oscillatory fluxes were greatest in very shallow water (h 0.3 m) but values were always 
1% or less of the mean fluxes. The sea conditions were much calmer than at Portishead with 
only small confused waves acting on the mudflat The weak eflfects of the small waves are also 
shown in the cross shore spectral analysis results that are summarised by the 2D surface plots in 
figures 6 36 to 6.47. These figures show the variation with time of the spectra, cospectra and 
coherence from the lowest EMCM and OBS sensor pair, for tides 2, 6 and 7. The upper 95% 
coherence^ limit was 0.21, and any dark black areas were considered to show insignificant 
coherence The time axis tick marks are in Julian hours, and the start and end time of the plotted 
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data is given by the X axis label Compared to the "storm'' data fi'om Porlishead, the maximum 
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Figure 6.34 Cross shore velocity (m s^ ') and concentration (g^U^s') spectra 
Tide 1 (h = 0 30 m). 
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Figure 6.35 Velocity and concentration coherence. Tide 7 (/f = 0 30m) 
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velocity spectral densities were lower, cospectral estimates were much smaller and the trend for 
coherence values to peak around IWF was not so clear. 
Wind speeds were less than 4 ms ' and were predominantly ft^om the westerly quarter. 
These winds were unable to generate large waves within the estuary during the study period. 
Oscillatory fluxes were much lower than those recorded at Portishead, and sediment movements 
were dominated by the tidal currents. It is shown in chapter seven that local erosion was limited 
to shallow water {h < 0.5 m) periods, whilst in deeper water advective processes dominated. 
The advective processes were driven by the mean flows which were not identifiable in the 
spectral analysis. The spectral densities in the velocity spectra (figures 6.36, 6.40, and 6.44) did 
not show consistent peaks in the gravity band, as the waves were weak and varied. The 
concentration spectra in figures 6.37, 6.41 and 6.45 showed similar trends. Maximum peaks in 
the concentration spectra typically occurred in the very shallow water at the start or end of 
covering. However, the velocity and concentration spectra for tide 7 (figures 6.44 and 6.45) had 
peaks fi-om about 19:40 to 20:00 hrs, which were due to the eddies formed in the lee of the 
vessel's bow. The cospectral estimates in figures 6.38, 6.42 and 6.46 were lower than at 
Portishead, and were not peaked because of wave activity. Localised, short term fluctuations 
produced irregular peaks in the cospectra. Coherence values are summarised in figures 6.39, 
6.43 and 6.47. Significant coherence was calculated for the start and end of tide 2, with "hot 
spots" on the 2D plot around IWF. Coherence values were relatively random and unevenly 
distributed during tide 6, but were significantly peaked during the bow eddy generation in tide 7. 
The shear stress discussion in section 6.8 shows that the wave shear stresses were much 
smaller than those generated by curtents, and erosion by the tidal flow (such that rj, > TOU) was 
generally limited to the first covering of the mudflat by the advancing flood tide. Advective 
processes became important around high water and made description of the local processes in 
deep water difficult. 
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Figure 6.36 Tide 2, velocity spectra at 12 5 cm (in mV^ ) 
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Figure 6.37 Tide2, concentration spectra at 12.5 cm (ingV^L'^). 
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Figure 6.38 Tide 2, velocity and concentration cospectra at 12.5 cm (in kg m"^s'') 
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Figure 6.40 Tide 6, velocity spectra at 10 cm (in m s') 
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Figure 6.41 Tide 6, concentration spectra at 10 cm (in g s' L ' ) . 
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Figure 6.43 Tide 6, velocity and concentration coherence at 10 cm 
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Figure 6.44 Tide 7, velocity spectra at 10 cm (in mV) 
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Figure 6.45 Tide 7, concentration spectra at 10 cm (in g^ s L^*^ ) 
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Figure 6.46 Tide 7, velocity and concentration cospectra at 10 cm (in kg m's*) 
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Figure 6.47 Tide 7, velocity and concentration coherence at 10 cm. 
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6.8 Bed shear stresses 
The velocity data were analysed using linear wave theory to produce time series of wave 
height and bed shear stress. Shear stresses were calculated as described in Chapter 4, section 
4.6.2, using the following assumptions for the parametric wave and current SANDCALC model: 
Water Parameters 
A mean salinity of 32.0 p.p.i. and a mean temperature of 8 TC were used for all bed 
shear calculations. The density of the local seawater was taken to be 1024.7 kgm'\ 
Sediment Parameters 
Bulk densities of 1290 to 1730 kgm'^  were measured at Skeffling by Williamson (pers 
comm,) between 3"* to 5^ April 1995. Widdows (1996) measured values from 1540 to 1720 
kgm'^  (5* to 13* April 1995). The mean bulk density of the bed was taken to be 1500 kgm•^ 
The median grain diameter (A,,) was taken to be 0.0625 mm. A bed roughness (zo) value of 
0.02 cm was used taken from Soulsby (1983). The bottom profile was taken to be smooth. The 
angle of the sloping bed to the horizontal was calculated as 0.07". The wave.current dominance 
factor W\^U\%, and the Ursell parameter limits were both calculated for tides 2, 6 and 7. 
Generally, the flow conditions were current dominated {W\JU\^ and sinusoidal theory was 
applicable for depths greater than 0.20 m. 
Shear stresses due to currents and the combination of waves and currents, were 
calculated and examined in detail for the three tides. For all three records bed shear stresses 
were dominated by the mean flows, and the calculated mean values (from SANDCALC) of Tc 
and r„r were invariably very similar. The r.^ values did not appear to be considerably enhanced 
by the wave contribution. The results are summarised in more detail below. 
6.8.1 Tide 2 14/4/95 
Sinusoidal theory was applicable for depths over 0.25 m and the flow conditions were 
considered to be largely current dominated. Figures 6.48 and 6.49 show the variations in the 
wavexurrent dominance factor and the Ursell parameter respectively, with depth. From about 
16:20 to 17:45 hrs, W\^U\% values were greater than 0.54 and indicated wave dominated 
conditions. However, these large values were primarily due to the low flow speeds (< 0.05 ms"') 
at this time rather than any large waves. The small (//, < 0.05 m) waves produced orbital 
velocities at the sea bed less than 0.02 ms V The waves did not contribute significantly to the 
total bed shear stress. Figure 6.50 shows the mean bed shear stresses due to currents and the 
combination of waves and currents. Shear stresses for the record were dominated by the 
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mean tidal flows, with the values being very similar in magnitude to r,^ c bed shear stresses 
Maximum shear stresses exceeded 0.35 Nm"^ during the first 15 minutes o f covering, and after 
high water at around 18:20 hrs onwards, when flow speeds exceeded 0 25 ms'V Trends in shear 
stresses followed variations in mean flow speeds and were not closely related to wave height 
Wave heights increased during the ebb period because o f local increases in westerly wind speed 
(from 2.0 to 3 7 ms'') 
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6.8.2 Tide 6 20/4/95 
Flow conditions were current dominated for the eariy part o f this ebb record, with 
Wif, Uis values not exceeding 0.35 (see figure 6 51) As water depth decreased from 12:10 hrs, 
small wind waves began to effect the flow, and the current related drag coeflScient was enhanced 
by the wave action (i.e. lV\y U\i increased to 0 4 - 0 45). The Ursell parameter results in figure 
6.52 showed that sinusoidal theory was applicable for depths over 0 15 m Shear stresses are 
shown in figure 6 53 Like tide 2, calculated fc values were very similar in magnitude to T^K 
results indicating that the bed shear stresses were the predominantly the result o f mean tidal 
flows. Towards the end of the record (h 1.0 m) wave orbital velocities at the sea bed 
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increased above 0.02 ms ' but TC and r,„: stresses remained ^milar The wave heights decreased 
in the very last minutes o f the record (h 0 5 m) This appeared to be due to the strong 
offshore flow which seemed to smooth the sea surface 
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6.8.3 Tide 7 20/4/95 
The wave: current dominance results in figure 6 . 5 4 showed that flow conditions for the 
first twenty minutes o f covering were wave dominated, while for the later part o f the record, 
conditions were current dominated It must be remembered that there were no waves for the 
early covering (wind speeds < 1 5 ms**). A large W\*, value was the result o f the eddies set up in 
the lee o f the vessel's bow (/i < 1.0 m). The calculated wave dominance could be better termed 
as "eddy dominance". Wx^ lh^ values exceeded 0 6 5 during the last part o f the record, around 
2 1 : 3 0 hrs This was due to the very low flow speeds ( < 0 .1 ms ' ) at this time and does not 
reflect the presence of any large (> 0.1 m) waves The variation in the Ursell parameter is shown 
in figure 6 . 5 5 . 
As with tides 2 and 6 the bed shear stresses were largely due to the mean flow, with 
and fv^ c shear stresses being virtually identical (shown in figure 6 5 6 ) . However, mean z^^ values 
exceeded 0 . 2 Nm"^ for much of the record because the mean tidal flow speeds exceeded 0 3 ms'V 
This resulted in much larger r^ :^ values than for both calculated for the ebb period o f tide 6 , 
and for much of the flood period during tide 2 . 
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6.9 Summary 
The Skeffling mudflats extended almost 5 km southwards from the mean high water 
level. The sea state was generally calm with only small surface waves (H^ < 0.20 m), and flow 
conditions were tidally dominated during the study period. However, local storms would be able 
to generate rough seas and breaking waves, which could produce significant erosion. The gently 
sloping mudflat is likely to be highly dissipative and wave attenuation effects are likely to be 
marked across the mudflat, however such behaviour was not measured by this study 
Sediment fluxes appeared to be dominated by advective processes and, qualitatively, 
rates of deposition exceeded erosion However, it is likely that storm events and wave action 
would play an important, albeit infrequent, role in the morphological dynamics o f the inter-tidal 
regions. Such episodic events could produce much larger morphological changes than typical 
seasonal variations These sorts o f extreme conditions were not measured by this study 
During the experiment, mean wind speeds reached 4 3 ms'V There was little erosion by 
waves, though small waves could have served to weaken the surface of the sediment Local 
erosion of the mudflat was largely attributed to the mean flows, during the first and last half hour 
of covering by the tide, when zi * > zini Maximum velocities and concentrations were 
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recorded during these shallow water periods. Maximum flood currents across the mudflat 
reached 0.60 ms'', and were able to resuspend the low density surface deposits remaining from 
the preceding tide and biological activity. This resuspension produced a clearly visible, highly 
turbid. longshore band of water (/? < 0.3 m), which was advected over the mudflat by the 
continuing onshore flow. High concentrations also occurred during the ebb phase when depths 
were below 0.75 m. These were a result o f the decreasing volume of water and resuspension of 
near bed layers (due to settling over slack water). 
The strong cross-shore flows ( > 0.10 ms"') necessarily occurred because of the balance 
between the tidal range and the large width of the mudflat. The tidal waters had roughly 6 hours 
to cross about 5 km o f mudflat between low and high water levels, requiring a mean current 
speed of 0.23 m s G e n e r a l l y , current speeds were inversely related to depth. Concentrations 
were directly related to speed, and hence inversely related to depth. This relationship was 
clearest for the flood phase and is quantified fijrther in the discussion section in chapter seven. 
Current speeds and concentrations were typically at a minimum around the high water 
period. The easterly flow component over high water was attributed to a combination o f wind 
drift and the River Humber flow. Settling fluxes were assumed to be greatest during periods 
with low velocities, but the strong relationship between concentration and current speed 
indicated that there may have been significant settling at other times. Highest concentration 
values were associated with maximum velocities. Not surprisingly, different concentration 
values occurred for the same current speed at different sites (as shown in by the mean velocity 
and concentration data). There was some weak evidence that the range o f concentration for a 
given velocity, was greatest at the lower stations. This may have been due to settling and sorting 
of suspended material as the flood waters crossed the mudflat, such that floes with higher settling 
velocities tended to settle out o f the advancing tidal waters before being advected across the 
upper mudflat. 
A cross-shore cyclical flux of material was driven by the mean horizontal flows in the 
Spurn Bight. It was thought that wave activity contributed infrequently to the tidal resuspension 
of sediment. Historically there has been net accretion over the mudflats, producing an annual 
bed level change o f a few millimetres (De Boer, 1979), and this is thought to be largely due to 
the diurnal and lunar tidal cycles. Seasonal variations (paniculariy in biology) are likely to 
provide secondary controls on this cycle. Further long term studies would allow the influence o f 
changes in tidal range, season and episodic stomi events on the magnitudes o f the sediment 
fluxes and net sediment transport to be quantified. 
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Chapter Seven: 
Discussion 
This chapter describes the main physical processes that cause resuspension and erosion 
of the bed and result in sediment movements across the mudflat. The factors that determine the 
balance between fluid shear and bed shear strength are numerous, and vary in both time and 
space, depending upon many inier-related environmental factors. The effects of some of these 
factors are quantified. 
7,1 Portisliead results 
The Portishead results, introduced in chapter five, are discussed in detail in this section, 
with reference to results from other studies. 
7.1.1 Suspended sediment measurements 
The mean concentration lime series in figures 5.10 to 5.12 showed variations due to 
changes in wave activity, mean tidal flows and advective processes. The total suspended load 
was considered to consist o f two components. The first comprised the slowly varying 
background concentration, and the second consisted o f much larger variations in concentration, 
which were the net result o f local erosion, resuspension and deposition processes operating at 
the bed, as well as wider ranging adveclive processes. 
The background component varied over a period of several days and could be related to 
changes in meteorology and tidal condition. This component consisted o f the particles which 
were too fine to fall out o f suspension during slack water. For any degree o f turbulence there are 
small (< 20 jim) floes permanently in suspension. The largest variations in background 
concentration were observed during current dominated conditions around high water, when 
turbidity maxima type features were advected across the mudflat (Le Hirpers . comm.). Freeman 
(1994) recorded that on calmer days the suspended sediment distribution was indistinct, with 
higher concentrations occurring near high water. Whitehouse and Williamson (1996) noted that 
high concentrations offshore could be advected across the mudflai and these concentrations were 
able to settle to form soft mobile deposits. This is discussed in more detail below and was 
particularly important during Tide 4. 
Superimposed onto the background levels, were the concentration fluctuations due to 
wave and current activity. These high frequency variations produced the large concentrations, 
typically recorded at the beginning and end of the records, when water depths were shallow and 
shear stresses were greatest. Surface sliear strength data, obtained from shear vane 
measurements by Philippe Bassoullei o f IFREMER throughout the week, showed clearly the 
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changes in the mudflat caused by the initial siorm erosion and the calmer weather thai followed. 
The shear vane results from a mid tide position in Woodhill Bay are summarised by table 7.1. 
Table 7,1 Vnrinl ion in vane shear strength of the sediment bed. 
Date Tide iios. Vane 
Surface 
shear strength (kT 
4 cm deep 8 cm deep 
22/6/94 1 and 2 6.8 7.2 7.6 
23/6/94 3 and 4 0.7 7.9 8.2 
24/6/94 5 and 6 0.8 8.3 7.8 
25/6/94 7 and 8 0.4 NA NA 
Large waves ai the start o f the week eroded the upper layer o f the mudflat exposing 
overconsolidated layers of mud with a suiface shear strength of 6.8 kN m'^. There was 
significant deposition during the calmer conditions that followed, with a 1 - 2 cm thick sediment 
layer (of 0.75 kN m'^ strength) forming across the mudfiat later in the week. This layer was 
readily resuspended by the increase in wave activity on 25/6/94. 
Sandford (1991) found that total suspended load closely followed bottom shear stress 
variations, where the bed shear stresses were dominated by tidal flows. Total suspended load 
per unit surface area (cto,) was calculated for Tides 2, 4 and 8, by depth integrating the 
concentration profile. Figures 7.1 to 7.3 show time series o f total suspended load, with depth 
data for comparison. The relationship between CUA and shear stress was not so clear for this data 
set. There were two reasons for this: 
i) Total suspended load was calculated fi-om the mean concentration data ( i.e. 
every 3 minutes 47 seconds) whilst Sandford ( !99 l ) calculated Cto, fi-om an assumed 
concentration profile, every hour which smoothed out any high fi-equency variations. 
it) More imponantly, advective type processes were able to significantly alter Cua 
values, while bed shear stresses remained largely unchanged. Figures 7.1 to 7.3 show that Ciot 
values tended to be greatest around high water when bed shear stress values were at a minimum, 
this being particularly apparent for Tides 4 and 8. This was due to the very large contribution o f 
the suspended load in the upper layer of the water column to the overall Cua value, around the 
time o f high water. In this layer the background concentrations formed a large percentage o f the 
total suspended load and advective processes were particulariy significant. Hence, there was not 
a clear correlation between shear stress and for this data set. 
Taking the time derivative o f the time series, produced an alternating time series o f 
(positive) erosion and (negative) deposition rates, as shown in figures 7.4 to 7.6. The positive 
erosion rates (E) were calculated as the difl^erence between successive CUA values during periods 
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of increasing suspended load Depth of erosion (expressed in mms"') is also shown by the figures 
£ 
7 4 to 7 6, as calculated from — , where p was assumed to be 1500 kgm"' (from section 5 7 3) 
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Eadier observaiions of the initial erosion of cohesive sediments (by Kandiah (1974) as 
referred to by Kuijper c/ a/. (1989)) have predicted a linear dependence o f erosion rate (defined 
by an increase in concentration) on excess bottom shear stress. The data described here do not 
show such close agreement. This was largely because advective processes could produce 
increasing concentrations (and hence positive "erosion" rates) during periods o f low bed shear 
stress. Because o f advective processes, there were periods within the data where current 
velocities were decreasing, and rh values were at a minimum. At the same time, concentration, 
and E values were increasing, as clouds of suspended sediment were advected across the 
mudflat by weak currents. Thus, there were some large E values during periods of low shear 
stress. These effects were most significant around high water and when the flow was current 
dominated. This produced a scatter o f data that could not be accounted for by the dependence 
of erosion rate on excess bottom shear stress. For Kuijper's (1989) approach to successfijlly 
describe the Portishead data it would be necessary for the largest erosion rate values to correlate 
with the largest values. 
A better criteria defining the potential for erosion was simply when TH exceeded rem. 
Correlations were obtained between concentration values and bed shear stresses using a 
regression analysis approach. It has proved difficult to distinguish between erosion and 
advection processes when conditions were current dominated, and also to quantify the nature o f 
the advective processes. Suggestions are made below to explain some o f the observations and 
relationships. 
Regression analysis has been carried out to identify the dominant factors thai controlled 
variations in the suspended sediment. A number of variables were analysed for Tides 2, 4 and 8, 
being compared in a variety o f combinations. The variables considered were suspended 
sediment concentration, depth (A), significant wave height (//s). suspended sediment load (ctoi), 
erosion rate (£), near bed wave orbital velocity l.L^^^:M;,u bed shear stress due to currents ( T C ) , 
bed shear stress due to waves (r„), bed shear stress due to the combination o f waves and 
currents (ru,:), and the maximum bed shear stress due to waves and currents (r^^ mxd- Wind 
speed and the number o f hours of sunshine during sediment exposure were also related to 
suspended sediment concentrations as these environmental factors were considered likely to 
influence sediment consolidation during exposure, the associated surface strength and thus the 
potential for erosion by the tidal waters. Only significant combinations are discussed in the 
following sections. The best expressions for defining concentration from other parameters were 
obtained by examining data from the lowest OBS sensor. With distance away from the bed, any 
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relationship became less distinct because o f mixing and the time lags between concentration 
variations in the upper water column and bed shear stresses. 
The regression analysis results are described in more detail below for each of the three 
tides. Where appropriate, reference has been made to expressions obtained ft-om other 
investigations at Portishead. There were some interesting similarities, with a cautionary 
comment that when shear stresses are compared it is necessaiy to ensure the values were 
similariy calculated and thus could be directly compared between different studies. 
7.1.2 Tide 2 regression analysis 
The variations in concentrations closely followed the variations in total bed shear stress, 
with the greatest values being recorded in shallow water. The following results were obtained by 
examining mean data from the whole o f the time series, comprising 58 values from wave 
dominated conditions. The clearest relationships were between Go' and the corresponding wave 
parameters. Correlations were weaker higher up the water column because o f mixing, advection 
and the time lags involved in the veiiical sediment fluxes. 
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Figure 7.7 Scatter plot showing trendline for expression 7 . 1 . 1 . 
Examining the relationships between C30 and the single hydrodynamic variables, showed 
there was some dependence of concentration on both the wave orbital velocity and the wave 
' Concentrations troin Uie CBS's were delimited by Cs, \\1iere (" was Uie concenlralion al a height ^ centimetres above the bed 
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shear stress values r^, with values exceeding 0.5 in both cases. The best expression was 
obtained by relating concentration (gL ') to r„ (Nm'^), as summarised in figure 7.7, was: 
Go = 0.774 r, + 0.150 = 0.606 (7.1.1) 
Whilst concentration (gL' ') was related to wave orbital velocity (ms ') by: 
C3o= 1.923 +0.145 R' = 0.583 (7.1.2) 
There was reasonable agreement with similar results from Whitehouse and Williamson 
(1996) who found the relationship between concentration (gL' ') and bed shear stress (Nm'^): 
C30 = 0.363 n, + 0.300 = Unknown (7.1.3) 
For all o f these types o f expressions described in this chapter, the intercept is considered to 
represent the background concentration. The background concentrations would have varied 
between different studies, and thus discrepancies with similar constants in other expressions were 
not considered critical. Whitehouse and Williamson (1996) found (7.1.3) was best applied to 
neap tide, wave dominated conditions. Tide 2 was recorded during wave dominated conditions 
and was approximately half way between Spring and Neap tides. 
There was not a strong dependence between concentration and the individual variables 
of h, Ms, Tc, and the meteorological data. 
7.1.3 Tide 4 regression analysis 
The hydrodynamics were current dominated for this record with W^^UM values close to 
or less than 0.54 for the majority of the record (figure 5.63). Concentrations were independent 
o f shear stresses. There were no significant correlations between concentration and the other 
tested variables (listed in section 7.1.1) when regression analysis were performed. R^ values 
were less than 0.5 in all possible combinations using single variable regression analysis. The 
variations in suspended sediment were due to other processes which were not easily identified 
from the data set. It was likely that advective processes were responsible for the gross 
suspended sediment movements, and that local (erosion) processes only provided a small 
contribution to the sediment flux. No concentration dependent relationships were obtained for 
this tide. 
7.1.4 Tide 8 regression analysis 
This record was divided into wave dominated {W^^Ux^ > 0.54) and current dominated 
{Wxi/lJxs < 0.54) periods. Predictive relationships were obtained by correlating concentration 
both with the wave parameters during wave dominated conditions, and with the current driven 
parameters during current dominated conditions. 
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7.1.4.:i ^Vavc dominated data 
Significant correlations were identified for periods of wave dominated flow. To improve 
the relationships, data was not compared for h > 2.0 m, or when mean concentrations within 15 
cm o f the bed exceeded 3.50 gL'V Data during these periods were considered to be 
unrepresentative, with the high concentrations reflecting other processes. Thus, mean values at 
07:38 hrs, and from 11:30 to 11:45 hrs (in figure 5.12) were not included in the following 
analysis. The peak in mean concentration close to the bed at 07:38 hrs was probably due to 
adveciion o f sediment across the mudflat. However, the peaks in concentration at the end of the 
record resulted from the turbid water which drained down the runnel feature at the end o f tide 8. 
There were 28 observations used for this particular analysis and the first approach was to 
perfomi a single regression between concentration and some of the measured and calculated 
flow parameters. The linear regression results for ('sand d u are given in tables 7.2 to 7.3 
Table 7.2 Tide 8 Linear regressions of G with wave parametei-s \V\s/U\s > 0-54. 
independent 
variable 
CocfTicient for the independent vnriable Intercept 
c 
Adjusted 
value 
20.709 0.478 0.158 
E 1.452 1.191 0.070 
h -0.571 2.61 0.503 
20.828 -1.1513 0.627 
13.043 0.193 0.734 
4.1 17 0.528 0.778 
Table 7.3 Tide 8 Linear regressions of do wi th wave parameters IVis^Uis > 0.54 
independent 
variable 
Coefncient for the independent variable Intercept 
c 
Adjusted 
value 
E 1.216 1.039 0.087 
15.660 0.496 0.123 
h -0.461 2.265 0.462 
Urt'aw ofbiLiI 1 1.403 0.095 0.789 
18.893 -1.164 0.725 
3.435 0.252 0.847 
There were strong correlations between wave parameters and concentration for this 
record with values exceeding 0,750 for both ("« and C'lo. The best relationship was obtained 
between Cio (gL"') and TW (Nm'^) such that: 
Cio = 3.435 r„. + 0.252 R ' =0.847 (7.1.4) 
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Whilst for C.'K (gL"') and r,, (Nm""') a relationship was found such that: 
("«= 4.117n,+ 0.528 =0.778 (7.1.5) 
The slightly lower value for equation (7.1.5) (compared to (7.1.4)) was attributed to the 
position o f the OBS sensor. This OBS was position inside a runnel feature and was effectively 
below the mean level o f the surrounding mudflat. This position is believed to have "sheltered" 
the suspended sediment somewhat From the wave activity and so produced a slightly poorer 
relationship with the bed shear stress r„. High concentrations were recorded in this njnnel and 
hence there is a high intercept or background concentration value in equation (7.1.5). 
The scatter o f points for (7.1.4) and (7.1.5) can be seen from figures 7.8 and 7.9 which 
show the data for the two expressions. 
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Figure 7.8 Scatter plot showing trendline for expression 7.1.5. 
These expressions compared well with a relationship obtained by Whitehouse and 
Williamson (1996), for the dependence of on an RMS wave-current shear stress where: 
Go = 3.583 r«vm« +0.750 R^ = unknown (7.1.6) 
7.1.6 was derived from wave dominated, spring tide conditions. The Tide 8 results were 
obtained during a large spring tide with small waves, and there were some differences between 
the expressions as a result. 
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Figure 7.9 Scatter plot showing trendline for expression 7.1.7. 
7.1,4.b Current domUuiteil data 
Attempts were made to identify sensible relationships between concentration data and 
both the current dependent vaiiables and ancillary parameters (i.e. w ruvnux, h, and H^) for 
current dominated periods. There were 47 observations used for this particular analysis but no 
meaningful relationships were obtained between concentration and any o f the above parameters. 
Concentration was also correlated with the W^^ll^s parameter and an extremely weak 
relationship was obtained for CdK- These results are shown in table 7.4. 
Table 7,4 Tide 8 Linear regression betAveen concentration and lVi?/U\s. 
Dependent 
variable 
Coefficient for the independent 
lV\^U\i variable 
Intercept 
c 
Adjusted 
value 
Cs 1.434 1.236 0.014 
Cio 1.658 0.861 0.024 
C 3 4 -2.046 1.091 0.443 
C 4 8 -2.566 1.274 0.548 
The concentration and PVis/Uis results hint at an interesting relationship. The upper part 
o f the concentration profile was largely independent o f transport processes close to the sea bed. 
The results showed that concentrations in the upper water column tended to decrease as the 
^is^U\5 parameter became wave dominated (i.e. > 0.54). C^s was greatest (approximately 0.80 
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gL' ' ) when M i^s/ZAs values were less ihan 0.2 and condiiions were thus current dominated. A 
low ^V\^(J\i value occurred either when orbital velocities at the bed were small (as = 
^.Urr^is) or when the mean current speeds were large. Both o f these criteria were most likely to 
be satisfied in deep water conditions. It was considered that low W\^Uy<, values were 
predominantly due to large velocities, and advective processes were most significant during 
periods o f high mean velocity. The high velocities were due to the eddy feature generated by the 
strong currents in the deep tidal channel near Battery Point. Hence, periods o f higher mean 
velocity could bring higher concentrations from the channel across the mudflal. Thus for the 
upper pan o f the water column in deep water, low W^^l^h^ values seemed to indicate when 
advective processes were important and caused concentrations to increase. This requires some 
clarification. 
7.1.5 C o m b i n e d results 
7.1.5.a HJh nnd concentration 
Freeman (1994) found good conelaiions (R.^  > 0.85) between concentration and the 
factor HJh, particularly for the lowest OBS sensors, and concluded that HJh was a good index 
for suspended sediment distribution. Data from all three tides was examined to detennine i f a 
concentration HJh type relationship applied to this data set. Results fi*om linear regression 
analysis are shown in table 7.5. A brief description o f the data used in each regression is given by 
the bracketed text above the coefficient for the independent variable. The value o f the 
coefficients were left blank for an arbitrary value o f < 0.3. 
Not surprisingly, there were no relationships between HJh and other variables during 
current dominated conditions (i.e. Tide 4, R^ < 0.1). or periods with negative E values. There 
was a very weak relationship between concentration and HJh for Tide 2 (R^ = 0.529) when all 
the mean data values were compared. This was not improved by correlating concentrations with 
either, the wave dominated values, or values during conditions which were wave dominated with 
positive E values only. Indeed the relationship became weaker. 
The HJh concentration relationship was quite marked for Tide 8, for both the wave 
dominated periods and data with positive E rates. R^ values were greatest for the lowest two 
OBS sensors, though there were no significant relationships between HJh and the higher 
sensors. 
The expressions relating HJh to concentration were different for Tides 2 and 8. There 
was not a common expression applicable to both situations. An explanation for this was the 
different background conditions within the estuary during Tides 2 and 8. Tide 2 was recorded 
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after a period orstront- winds and high waves had removed the weaker surface mud layers from 
the mudflat. 
Table 7.5 Linear regression betAveen concentration and HJU. 
Tide 
number 
and date 
Dependent 
variable 
CoefTicicnt for the 
independent 
HJh variable 
Intercept 
c 
Adjusted 
R' vahie 
2 
22/6/94 
(ror:ill 
2.049 0.204 0.529 
( for pos i t i ve / :"d; i l : i ) 
1.813 0.264 0.503 
( f o r n i l \ v ; ivc d o i n i i u i i c d . 
lX)S i l ive /- dni; ! ) 
1.785 0.272 0.488 
4 
23/6/94 
( f o r a l l di) i : i ) 
- < 0 . l 
8 
25/4/94 
c« 
( f o r : ) ! ) dat : i ) 
8.405 0.774 0.479 
( - 8 
( f o r a i l \ v a \ c d o m i i i a i c d d a i a . e x c e p t 
c o n c c n i n H i o u >3.5 g t ' ) * 
12.586 
10.681 
0.323 
0.283 
0.813 
0.695 
< 0.300 
Cio 
( f o r a l l w-ave d o i u i n a i c d . 
p o s i t i v e / i d ' i ta) 
12.628 
10.862 
0.474 
0.380 
0.679 
0.720 
Tide 8 was recorded after a period o f calmer conditions, and higher background 
concentrations occurred because of resuspension o f the recent low strength deposit. This 
resuspension produced large near bed concentration gradients. These mud layers were able to 
settle close to the bed during slack water periods and were readily resuspended when shear 
stresses increased. The characteristics of the sediment suspensions were different for Tides 2 
and 8. Each suspension consisted o f distinct ftoc populations with individual size, density and 
other characteristics (Fennessy, pcrs comm.). The expressions obtained for the most significant 
relationships between concentration (gL' ') and HJh, are given below: 
Tide 2 Cso = 2.0493 * (HJh) + 0.203 = 0.529 (7.1.7) 
Tide 8 Cs = 12.586 * (HJh) + 0.323 = 0.813 (7.1.8) 
Figures 7.10 and 7.11 illustrate the scatter o f data for these two expressions. 
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Figure 7.10 Scatter plot showing trendline for expression 7.1.7. 
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Figure 7.11 Scatter plot showing trendline for expression 7.1.8 
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Freeman ( 1 9 9 4 ) obtained the following relationship between HJh and concentration. 
C' = 2 .283 * (HJh) + 0. I I 5 = 0 . 8 5 0 (7.1.9) 
There was good agreement between (7.1.7) and (7,1.9), but not such close agreement 
between (7.1.8) and (7.1.9). The difterences between Tide 8 and Freeman's relationship were 
because of the contrasting environmental conditions both prior to and during the investigations. 
The conditions of Tide 2 were similar to those o f Freeman's November 1991 study, where strong 
westerly winds ( > 25 knots) produced wave heights between 2 0 - 4 0 cm. The similarities in the 
coastal energetics help explain the close agreement between (7.1.7) and (7.1.9). However the 
o f 0 . 5 2 9 for (7.1.7) was extremely poor. A similar approach for the Tide 8 data suggested that 
the suspended sediment population was likely to have ver>' different characteristics from 
Freeman's situation, which might explain the differences between (7.1.7) and (7.1.9), 
7.1.5.b yyiiul wave al}»onthm 
Various relationships have been obtained relating wave conditions at Portishead to wind 
speed. Traditional offshore wind wave relationships often produce inaccurate predictions when 
applied to near-shore environments. Predictions based on fetch and wind duration were aimed at 
deep water offshore situations and do not necessarily apply to the shorter period, small waves 
found in estuaries. A wind speed / wave height relationship is described below as (7.1.10), 
where wind speed is in knots and wave heiglit (Hy units are centimetres. These units were 
adopted to allow direct comparison with a relationship by Freeman ( 1 9 9 4 ) . 
Freeman ( 1 9 9 4 ) noted that any wind from a westeriy quarter produced significant waves, 
and related characteristic wave height (CW,) to wind speed data from Cardiff {UcxJ- An 
expression was derived for a westeriy wind of approximately 12 hour duration and waves o f 3 to 
6 second period, such that: 
C M = 2 . 5 6 .^/cu - 11.0 f o r > 2.5 ms' ( R ' = 0 . 8 6 0 ) (7.1.10) 
The wind data for this study was obtained from Avonmouth Signal Station. Significant 
wave heights were compared with houriy wind speed ( ^ / A w) data for Tides 2, 4 and 8. The 
scatter in the relationships obtained was considerable. This was to be expected and was due to 
the time lags involved between wind speed and direction fluctuations, and the associated changes 
in sea state and wave height. Despite the wind being completely still during Tide 4 there were 
some small waves {Hs < 0.1 m) on the sea surface. These waves were the combined result o f a 
small, non-localised swell, and the time required for the previous sea to become flat calm. 
Hence, the wind wave data for Tides 2 , 4 and 8 produced a relationship that predicted small 
waves during calm (i.e. no wind) conditions, which is unrealistic for the real environment. By 
limiting the wind wave comparison to data from Tides 2 and 8 only, closer agreement was 
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obtained with Freeman's expression. Table 7.6 shows the results from correlations between 
wave height and wind speed. 
Table 7.6 Linear regression of wave height and wind speed. 
Data used CoefTicient for the independent 
wind speed 
Intercept 
c 
Adjusted 
R* value 
Tides 2, 4 and 8 0.733 3.82 0.365 
Tides 2 and 8 1.633 -10.24 0.138 
The extremely poor values were to be expected from our limited wind speed data set 
which comprised only a few diflerent wind speeds and directions. Although the value 
calculated showed any relationship was purely chance, there is a real relationship between wind 
speed and wave height in the natural environment. It is for this reason that the above expression 
is been presented here. Not only was the R^ value indicative o f the limited data set, but it also 
reflected the fact that one wind speed could produce diflerent sea states depending on the wind 
direction and duration. The data set as used does not take account o f wind direction. However 
the wind wave relationship obtained from data for Tides 2 and 8 maybe expressed as: 
//scn, = C/ys= 1.633 / / A U - 10.24 R' = 0.I38 (7.1.11) 
Equation 7.1.11 agreed reasonably closely with Freeman's relationship 7.1.10. 
7.1.6 C r i t i c a l shear stress f o r erosion 
The largest bed shear suesses occurred ai the beginning and end o f ihe tidal records, 
predominantly resulting fi-om the effects of surface waves in shallow water. During wave 
dominated conditions, maximum shear stresses exceeded 1.0 Nm*^. These values agree well with 
similar results obtained by Freeman (1994) and Whitehouse and Williamson (1996) from 
Portishead. 
Concentrations showed a close relationship with bed shear stresses during wave 
dominated conditions. It was assumed that when concentrations depended on shear stress, 
erosion type processes were dominating, with increases in concentration being due to local 
erosion events. During current dominated periods, concentrations were not dependent upon bed 
shear stresses, thus erosion was considered to be negligible, and advective processes became 
important. Therefore, by examining the values of bed shear stress at the transition from wave to 
current dominated conditions (i.e. when 0.18 < W\<JUx^ < 0.54) during all three tides, it was 
considered possible to estimate a value for the critical shear stress for erosion (^int)- Figure 7.12 
shows a scatter plot o f r^ ^ against W^JUM (for 0.18 < Wx*JU\^ < 0.54) using data from Tides 2, 
4 and 8. 
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There are only three data points for Tide 2 for 0.18 < WI^/UM < 0 54, as the 
hydrodynamics were largely wave dominated for this record, and these three points are iiKlicated 
in figure 7.12. There is a cluster o f data points from Tide 8, grouped between 0.18 < WX^UM < 
0 22, whilst there is a much broader spread of data from Tide 4 for the WX^UM range plotted 
An estimate for for each tidal record was obtained from the mean shear stress value as 
calculated from the three groups of data, such that for Tide 2 was about 0.097 Nm'^, Za^ for 
Tide 4 was about 0 039 Nm"^ and for Tide 8 was about 0 157 Nm'^ The zint value obtained 
from the Tide 4 data was considered to be an underestimate, remembering that for this record 
there was no relationship between concentration and the current dominated hydrodynamics, with 
the assumption therefore that erosion was unlikely and the sediment transport processes were 
dominated by advective processes I f erosion was considered not to have occurred for Tide 4 
then Tb < Tcni and hence r^^ was underestimated The best upp>er estimate for ran throughout the 
study period was considered to be Tent = 0.127 Nm"^, as calculated from the mean of the clusters 
of data for Tides 2 and 8, in figure 7 12 
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Figure 7.12 Scatter plot o f and w versus WxsJUx5 (for 0.18 < Wx^Ux^ < 0.54). 
This estimate agreed quite well with values obtained by other investigations. Freeman 
(1994) gives a range o f 0 1 to 10 Nm'^ for rait. The lower end o f this range may be the best 
approximation for fcnt There was generally some deposition during slack water periods to form 
near bed layers These layers were readily resuspended (in shallow water) when shear stress 
values exceed the lowest value for ran 
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For the concentration / shear relationships discussed for Tides 2 and 8, there is a 
minimum shear stress value (sfcni) below which the relationship becomes invalid. 
Williamson (1994) deployed ISIS at Poaisheiid on 23/6/94, and measured values of rc i^ 
ft-om 0.06 to 0.17 Nm'^ at a variety of locations on the mudflat. The lowest r^i values were 
obtained close to the low water mark, from sediment with a bulk density of approximately 1200 
kgm ". The sediment closer to POST had r^ .^  values of around 0.15 Nm'^. Ockenden and 
Aktkins (1993) recorded r^y values from 0.15 to 0.20 Nm'^. In all the studies mentioned r^ ni 
varied inversely with moisture content. The Tcii values were also dependent upon other sediment 
properties, particulariy spatial and temporal variations in chemical and biological factors, but 
these are not discussed here. Preceding environmental conditions and the history o f the surface 
sediment were particulariy important in determining Zan. The removal o f the upper layers o f 
sediment at the start o f the week, exposed over-consolidated sediment with much higher vane 
shear strengths, and hence r^ii values (see table 7.1). 
7.1.7 Summary 
Three tides were selected for detailed analysis. Tides 2, 4 and 8 were chosen as they best 
summarised the variety of environmental condiiions which were experienced on site during the 
study period. The sea state varied fi-om rough to calm, and the weather conditions varied from 
being wet and windy, to calm, wami and dry. The tidal range varied fi'om neaps to large springs. 
The largest bed shear stresses were recorded during a wave dominated, stomiy period, 
with r„rma.v values exceeding 5 Nm'"^ in shallow water. Minimum bed shear stresses had values 
below 0.02 Nm '^  and were recorded during calmer, current dominated tides, in deep water. A 
value of 0.127 Nm"^ was obtained for the critical erosion shear stress. Significant relationships 
were found between near bed concentrations, and both shear stress and the factor HJh. 
For wave dominated conditions, following a 12 to 24 hour period o f stormy conditions 
with large (//«> 25 cm) waves, concentration could be expressed by either: 
Go = 0.774 r,. + o.l50 R^ = 0.606 (7.1.1) 
or G o = 1.923 r„,.^,„w„, +0.145 R^ = 0.583 (7.1.2) 
C 3 0 = 2.0493 * (H/h) + 0.203 R^ = 0.529 (7.1.7) 
For wave dominated conditions (/ / , ^ 15 cm), following a period o f cairn weather and 
deposition, slightly different relationships were obtained. Near bed concentrations were best 
described by the three expressions: 
C« = 4.117 r,. + 0.528 R^ = 0.778 (7.1.5) 
Cs = 12.586 * (HJh) + 0.323 R^ = 0.813 (7.1.8) 
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No clear relationships were found for concentration and the other variables during 
current dominated periods. At these times advective processes deiemiined suspended sediment 
variations. It was not possible to quantify the nature o f advective effects with this data. There 
was some indication that for periods with only small waves, there was a dependence between 
concentration in the upper water column and the current velocity variable in the term Wxi/Ux^. 
This relationship was extremely weak, but a diflereni approach to the field measurements to 
highlight advective processes might produce some clearer results. 
A relationship has been proposed between wind speed and wave height defined as; 
H.^,= 1.633 ^ / A W + 1 0 . 2 4 R ' = 0.I38 ( 7 . 1 . I I ) 
The extremely poor R^ value was due to the limited data set and would most likely have 
been improved with a more detailed time series. 
7.2 Skeffling results 
The measurements introduced in chapter 6, from the Skeffling mudflats, are discussed in 
greater detail within the following sections. The dominant physical processes responsible for 
sediment movements in shallow waters (// < 1.0 m) are described, with particular emphasis on 
the flood phase o f the tidal cycle. Some strong relationships between concentration and tidal 
conditions were identified for all o f the flood data. However, there was no clear correlation 
between Ciotand shear stress (following a Sandford ( 1 9 9 1 ) approach) for the Skeffling data, for 
the same reasons as outlined in section 7 . 1 . 1 . Results o f detailed correlations between 
concentration and flow parameters are discussed for Tides 2, 6 and 7. 
The best expressions for defining concentration from other parameters were obtained by 
examining data from the lowest OBS sensor. With distance away from the bed, any relationship 
became less distinct because o f mixing and the time lags between concentration variations in the 
upper water column and bed shear stresses. 
7.2 ,1 L i n e a r regression analysis (// < 1.0 m) 
7.2.1.a Concentration and depth 
There were simple inverse relationships between concentration and depth for all o f the 
data, from both flood and ebb conditions {h < 1.0 m). Table 7.7 summarises the expressions 
which varied considerably between the individual tides because o f differences in background 
concentrations and the rate o f change of depth, which depended on position upon the mudflat. 
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Table 7.7 Linear regressions of mean concentration wi th depth (// < 1.0 m). 
Tide nos 
and station 
Depcndcnl 
variable 
Coefficienl for the 
independent variable 
FLOOD CONDITIONS 
Intercept 
c 
Adjusted 
value 
1 C -0.259 0.690 0.830 
2 A -2.858 2.245 0.964 
3 A 1)1.5 -1.230 1.628 0.964 
5 B C'7.5 -1.157 1.321 0.922 
7 D -0.822 1.045 0.963 
Tide nos 
and station 
Dependent 
variable 
Coefricient for the 
independent variable 
EBB CONDITIONS 
Intercept 
c 
Adjusted 
R' vaUie 
2 A ( 10.5 -1.972 1.4307 0.606 
4 B Ci -0.935 1.4250 0.918 
6 D C 9 . 5 -2.980 1.9724 0.876 
Figure 7.13 shows a typical scatter graph for one o f the flood relationships in table 7.7. 
There were only a few mean conceniralion points 15) per expression as the shallow water 
period was relatively short lived. Nonetheless, good coefficients (> 0.830) were obtained for 
all flood data. Figure 7.13 illustrates the relationship obtained for Tide 7, at station D, with an 
of 0.963. 
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Figure 7.13 Scatter plot for concentration and h relationship. 
Tide 7, station D,/?< i.Om. 
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7.2.1 .b Concentration and velocity durin}^ pood fhm> 
From in-situ observations, there was a clear relationship between the mean velocities and 
near bed concentrations (within 15 cm of the bed). This was particularly apparent for the early 
stages of the flood phase, with concentrations being directly related to the flow speed. This 
relationship could be quantified for each record by simple linear regressions between 
concentration and either //, r^ , and r„v (remembering for the current dominated flow, r^ . ^ r^^). 
Table 7.8 shows the linear relationships between the near bed concentrations (within 11 cm o f 
the bed) and the flow parameters //, r^ .. and r„,. obtained during the flood phase (h < 1.0 m) o f 
Tides 3, 5, and 7, for stations A, B and D across the Skeflling mudflat. 
Data from Station C (Tide 1) were not included in table 7.8, because this record did not 
show such clear correlations between concentration and the flow conditions. This was the result 
of two factors. Firstly and most importantly, concentrations within 20 cm o f the bed were not 
measured because o f the high position o f the OBS sensor during Tide 1 (at 24.5 cm). 
Table 7.8 Linear regressions of concentration and flow parameters A < 1.0 m. 
Tide nos 
and station 
Independent 
variable 
Cociricienl for tlie independent 
variable 
Intercept 
c 
Adjusted 
value 
IJ 1.548 0.320 0.950 
3 A Tc 1.453 0.404 0.972 
1.153 0.421 0.977 
u 2.253 0.174 0.862 
5 B Tc 1.955 0.382 0.925 
1.634 0.434 0.923 
1/ 1.246 0.307 0.730 
7 D 0.810 0.515 0.698 
0.686 0.494 0.704 
A second factor, which was less easy to quantify, was the effect o f the longer duration o f 
peak flow speeds at Station C. Here, onshore flows exceeded 0.2 ms' for about one hour ft-om 
the time o f initial coverage. For the other flood records, mean flow speeds decreased markedly 
within 30 minutes of the mudflat being covered. It was thought that increased flow speeds at 
station C served to homogenise the high concentrations throughout the water column as depths 
increased, and hence the relationship with flow conditions became indistinct. Data ft'om Tide 2 
was also excluded fi'om this analysis as measurements were only started when the depth 
exceeded 0.25 m. 
Significant correlations (i.e. R^ > 0.600) were not obtained between concentration and 
the HJh factor, //, or any o f the wave parameters (as wave activity was low). Table 7.8 shows 
the close relationship between suspended sediment concentrations and the mean onshore tidal 
flow (and related bed shear stresses). The best relationships in table 7.8 were found to exist for 
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station A and these became less distinct with distance offshore due to the accumulation o f 
suspended sediment in the leading edge o f the tidal water as it flowed rapidly onshore. The 
concentrations in the leading water's edge tended to increase as the water flowed on-shore, 
because more material was resuspended than deposited. 
The larger bedforms lower down the mudflat may also have served to reduce the flow to 
concentration relationships. The lower regions o f the inter-tidal zone had large scale ridge runnel 
bed forms in comparison to the predominantly smooth bed o f the upper mudflal (as in plate 4 . 7 , 
in chapter four). After low water, the leading edge o f the flood tide began to advance on-shore 
across the mudflat. The peak onshore flow speeds were necessarily large because o f the very 
shallow slope (approximate mean angle o f mudflat to horizontal was 0.07^*). Maximum tidal 
flow speeds would be expected to occur around the mid-tide level which corresponds to the 
level of station C and D. A thin low density surface layer o f a few millimetres thickness was 
observed over the mudflat during low water exposure, being the result o f deposition and 
biological activity (Brylinski pers conw).). The returning flood flow was able to re-erode this 
thin surface layer, such that high concentrations and foam marked the leading waters edge. This 
high concentration longshore band was moved rapidly on-shore while depths were less than 0.5 
m. The larger bedfonns served to channel these concentrations on-shore and the maximum 
concentrations were observed within the channel troughs. However, it was not possible to 
record these concentrations dtie to the necessity o f placing the POST frame on top o f the 
channel ridges. Further up the mudflat the channels became much smaller and insignificant and 
POST was able to record the high concentrations immediately above the sediment surface. 
Indeed, the best expression was simply that between ("m and the mean velocity. By 
taking all the data used for the velocity relationships shown for Tides 3, 5 and 7 in table 7.8, an 
overall expression has been obtained where: 
Co = 1.908 / / + 0 .193 R ' = 0 . 7 3 0 ( 7 . 2 . 1 ) 
This scatter o f data for (7.2.1) is shown in figure 7 . 1 4 and the expression was applicable 
for shallow (/? < 1.0 m) current dominated, flood tide conditions, across the upper half o f the 
mudflat. 
7 .2 . l.c Concentration and velocity durinf^ ebb flow 
Data from the ebb phase were recorded at the end o f Tide 2, and during Tides 4 and 6. 
Concentrations doubled during the last half hour o f coverage (when h< 1.0 m) for each o f these 
three tides. This was due to intensification o f near bed suspensions as a result o f the decreasing 
volume o f water moving oft-shore. This increase in concentration was consistent for the study 
period but could not be correlated cleariy with either flow speed or bed shear stresses. Flow 
194 
1 
2.5 • 
2 -
1.5 • 
a 
• 
a ^^^"-•''^ 
1 • -
a^--^^ • 
• 
^^-"-""^"^ 
0 
a 
• 
0.5 -
• 
o • 
a 
y = i.yox.x +0.1^25 
0 -
K- = 0.7296 
1 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 
Velocity (ms"') 
- I -
speeds varied considerably during the last hour of the ebb tide, and both accelerating and 
decelerating flows were measured while concentrations increased. The general trend was for 
flow direction to veer directly offshore as depths decreased below 1.0 m. The rise in the amount 
of suspended sediment was not considered to be due to erosion but more simply the result o f 
accumulation and increased vertical mixing of suspended material in the shallows at the end o f 
the ebb flow. 
7 . 2 . 2 C r i t i c a l shear stress f o r erosion 
During the experiment other scientists measured x^x making use o f laboratory and field 
flumes, shear vane analysis and the ISIS system (Instalment for Shear stress In-Situ, Williamson 
and Ockenden, 1996) . Some care was needed when comparing these values because o f 
differences between the techniques, and the criteria used to define the onset of erosion. Some 
studies define the onset o f erosion as the point when material starts to detach from the bed, while 
other investigations consider erosion as a significant increase in the erosion rate. 
Several r^x values were obtained from the different techniques, and there was some 
agreement between results. Widdows ( 1 9 9 6 ) found the following relationship between free 
stream current velocity Ik-xx (in ms"') and total bed shear stress 7,^  within a small in-situ benthic 
annular flume ( 1 0 cm channel width, 6 0 cm outer diameter): 
ru, = ( 7 . 7 4 0 8 V . / f ^ ' ) - 0 . 0 1 6 1 * ^ . / c ^ . . R ' = I ( 7 . 2 . 2 ) 
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VViddows observed that the free stream flow in the flume extended to within 1 cm of the 
bed, and applied a logarithmic relationship to this boundary layer to calculate the bed shear stress 
fi-om the fi'ee stream velocity. A similar expression was calculated for this data, comparing 
SANDCALC values with measured velocities (in ms"'). where: 
r.^ = (1.8081 * / / ^ ) - 0.0625*// R ' = 0.970 (7.2.3) 
(7.2.2) does not compare well with (7.2.3) because of differences in the assumed velocity 
profiles. The VViddows expression (7.2.2) appeared to over estimate shear stresses calculated 
fi-om fi'ee stream velocity when compared to the SANDCALC results. It is not to say either 
expression was incorrect, but shows the problems when comparing bed shear stresses calculated 
by different approaches. However, VViddows (1996) was able to identify a critical erosion 
velocity and hence derive r^i. He found that sediment started to detach from the sea bed at flow 
speeds greater than 0.2 ms ', and a marked increase in erosion rate occuned around 0.4 ms"'. 
Using Widdows (1996) Zua relationship (7.2.2) produced Tcni values o f 0.3 I and 1.23 Nm'^ for 
the respective current velocities. Using (7.2.3), flow speeds o f 0.2 and 0.4 nis"' produced Tent 
values o f between 0.06 to 0.26 Nm"^ respectively, depending on the degree o f erosion. 
Widdows (1996) also identified the mean critical erosion stress required to increase 
concentrations in the flume above a threshold of 10 mgL"' as being 0.40 Nm*^ (i.e. the mean of 8 
values ranging fi-om 0.17 to 0.70 Nm"^ 
Williamson (1996) measured values of r,Hi between 0.20 to 0.23 Nm"^ The ISIS 
technique defines the onset of erosion as being a significant increase in concentration (greater 
than 50 mgL"') as well as a substantial rise in the erosion rate equivalent to 0.0001 kgm""^ s"'. 
Erosion was not the transient removal of a very small mass of sediment. 
Amos et al. (1996) carried out flume measurements of v^x and erosion rates using both 
the Sea and Lab Carousels (described in Amos ct cd. (1992b)). The Sea Carousel's in-situ 
measurements o f TCHI ranged fi-om 0.3 to 1.8 Nm"^ across the mudflat, and similar results were 
obtained for the erosion thresholds ft-om the Lab Carousel measurements, in the laboratory. 
These values agreed well with Widdows (1996) fcni results. 
A crude estimate was obtained for the range o f rcni ft'om the POST data. The estimate 
was derived by assuming that erosion type processes occurred for periods when there were good 
correlations between bed shear stresses and concentration, i.e. the flow speeds were large. (The 
assumption regarding erosion for this estimate can be questioned as the leading edge of the flood 
water could have simply advected sediment across the mudflat and so produced the high 
velocities, shear stresses and concentrations. However, on site observations indicated that 
erosion was occurring). The periods of signiftcant correlation between shear stress and 
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concentration were predominantly found during the flood cycle while depths were below 1 0 m. 
Here, the shear stress was largely controlled by the mean current flow, such that zi: ^ r^, and 
thus it was assumed that the lower shear stress values would provide an estimate for Tent The 
Wi^l/i5 factor was used to identify the flow limits at these times Very low flow speeds (< 0.05 
ms ' ) produced values o f WX^IUM > 0.54, implying wave dominance This 'Vave dominated' 
flow classification resulted from the near zero velocities and was thus considered not to be 
indicative o f substantial wave activity or erosion With these points in mind, a scatter plot o f TV^ 
versus Wx^Ux^ < 0 54 (thus covering the current dominated periods with large velocities) must 
provide an indication o f the possible range for rent, where the smaller shear stress values were 
taken as being close to the limit Figure 7 15 shows such a scatter plot of flood data from 
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Figure 7.15 Scatter plot o f versus Wx'Jlhi < 0 .54, to estimate zi^ 
The shear stresses and hence fcni values, ranged from 0 03 to 0 81 Nm'^ with a mean of 
0.31 Nm"^. The estimated mean value o f 0.31 Nm'^ for was slightly greater than the 
values o f Williamson ( 1 9 9 6 ) and Widdows ( 1 9 % ) (using (7.2 J ) to calculate in the range 
0.06 to 0 26 N m ' \ but did not agree so well with the larger Tent values from Amos et al. ( 1 9 9 6 ) 
A possible explanation for this disagreement is proposed below 
The Sea Carousel was deployed when depths exceeded about 0 4 0 m. All the other Tcni 
measurement techniques were initially carried out on exposed mudflat. Measurements during 
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exposure showed there was a 5 mm thick biofilm or sediment veneer across the surface o f the 
mudflat. This veneer was readily resuspended in the first minutes o f coverage by the following 
flood tide. Analysis showed this thin layer had a low and constant density and high heterogeneity 
(Amos et a!., 1996). This suiTace layer was removed by the flood waters before the Sea 
Carousel was deployed, and the veneer was not well represented by the Lab Carousel studies. 
Therefore, the Carousel results did not include an erosion threshold for this surface veneer. The 
other techniques were sensitive to the threshold o f resuspension o f this layer. Thus, both the Sea 
and Lab Carousel appeared to slightly overestimate values for the lower range of TCH,. 
It is worth noting two fliriher conclusions that were obtained by Widdows (1996). 
Spatial differences in sediment erodibility were not simply correlated with any measured 
differences in sediment physical properties, but there was a significant correlation between 
erodibility and bioturbation by Macoma hahhica. 
7.2,3 S u m m a r y 
During the study period, the sea stale was generally calm, and the weather conditions 
were mild and dry with moderate wind speeds. The meteorological conditions meant waves 
were largely unimportant for the Sketfiing data and the flow conditions were predominately 
current driven. The shear stresses were dominated by the mean tidal flows with values o f TC 
around 0.3 Nm'^ during the flood phase {h < 1.0 m). Not surprisingly, bed shear stresses were at 
a minimum at slack water. A estimated mean value o f 0.31 Nm'^ was obtained for r^x-
Concentrations were inversely related to depth through a variety o f separate expressions (in table 
7.7), but each expression was unique to the location. It was difficult to define a mean expression 
because o f daily environmental variations, different sample locations and the associated changes 
in the rate o f rise o f the tide. The best overall expressions was derived by relating 
concentrations to U. Additional data, particulariy from wave dominated conditions, would help 
clarify the relationships between concentration and flow. The most useful overall relationship 
was simply between the near bed concentrations and the mean tidal flow during the flood phase 
(/?< 1.0 m), defined by: 
Co = 1.908 U + 0.193 R ' = 0.730 (7.2.1) 
7.3 General regression analysis comments 
For both the Poriishead and Skeftling data sets, there were no correlations between 
environmental parameters such as sunshine, cloud cover, humidity, temperature, pressure, 
surface sediment properties (moisture content and shear strength) and the measured and 
calculated physical parameters. But, all of these environmental parameters can alter the erosion 
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poiential of a mudflat. These paranieiei s are generally of less imponance than ihe dominant 
hydrodynamics and sediment bed properties in determining mudflai morphology. The poor 
relationships with the environmental parameters were due in part to the limited data available for 
some of these parameters as well as the complex inter-dependent relationships which existed 
between all the variables. A much longer lime series, from a comprehensive investigation 
including these secondar>' parameters, would most likely produce some interesting correlations. 
Care must be taken to apply the basic relationships from the regression analysis to the 
appropriate environmental conditions. Daily variations inevitably produced difterent 
relationships, with changes in one variable altering other factors. The net result can be a marked 
difference in the response of a mudflai to tidal coverage. A variety of expressions are thus 
required to comprehensively quantify and model natural intertidai zone sediment dynamics. 
However, some preliminary expressions have been derived in this study that help 
describe the conditions for erosion and deposition across a mudflat, due to changes in the wave 
and current hydrodynamics. Together with the raw data, these expressions help define typical 
in-situ ranges for the concentration and hydrodynamic parameters of the leading water's edge. 
7.4 Conccptuiil model of mudflat dynamics 
7.4.1 Introduction 
Examination of the results from the Portishead and Skeffling sites, together with other 
related work, have allowed some generic characteristics to be defined. In-silu measurements of 
flow conditions, concentration, and associated environmental factors, have produced an 
overview of the sediment dynamics of a typical North European estuarine mudflat. Some site 
specific expressions describing concentration have been proposed. These relationships only 
apply for particular environmental conditions. Daily variations alter the relationships, with 
changes in one variable changing other sediment properties and environmental parameters. 
Several expressions are thus required to comprehensively describe and model the intertidai 
sediment dynamics. Wave activity is paiiiculariy significant in shallow water (// 1.0 m). The 
shallow water conditions must be carefully modelled to accurately predict short and long term 
bed level changes. 
Generalising these results produced the conceptual model below, which broadly 
describes some of the common physical processes that occur over estuarine mudflats. The 
model does not account for biological or chemical processes. The following description begins 
with exposure of the mudflat at low water. 
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7.4.2 Preliminary consiclenitions 
The combination of meteorology and tidal conditions are important in defining the initial 
state of the coastal zone. Their interaction deiennines both the mudflat morphology, and the 
background concentrations, flow conditions and wave properties within the estuary. An under-
consolidated deposit may form across the nuidilat during calm weather. Stormy conditions tend 
to expose underlying, over-consolidaied material. The surface sediment properties can be 
further changed during exposure, for example by wetting and drying due to meteorological 
effects. Biological activity by both micro and macro organisms throughout low water exposure 
can be a crucial factor in detemiining the erosion potential of a mudflat. Preceding conditions 
thus play an important role in characterising the mudflat, and when combined with other 
dominant factors, determine the response of the sediment bed to covering by the flood tide. The 
tidal cycle governs the amount, speed and duration of coverage of the inter tidal zone. The 
greatest changes in bed level and concentration tend to occur in shallow water, due to high shear 
stresses in this region. 
7.4.3 Inundation by flood waters (// < 1.0 m) 
Surface deposits vary from thin veneers of organic rich, low density material, to thick 
layers of over-consolidated clay, with a corresponding range of r^n^ values. Thus the r^ rit of a 
mudflat varies, typically ranging from 0.02 to 0.8 Nm""^ . with overconsolidated sediment 
values exceeding 1.0 Nm'^. 
The varied nature of the surface is cmcial in determining the response of the bed to 
hydrodynamic forces. Sediment may be eroded if shear stresses exceed TCHI. Shear stresses may 
exceed TCHI values due to the combined effects of waves and currents. These stresses are greatest 
in shallow water (/? < 1.0 m) typically reaching 1.0 Nm"^  for > 0.25 m, remembering that wave 
oscillations can produce shear stresses an order of magnitude greater than shear stresses due to 
mean flows. Turbulence generated during these periods is sufficient to erode all but the most 
highly consolidated sediment. Even small waves (//, ^ 0.05 m) are capable of resuspending 
weak surface sediment, in very shallow water. Erosion can be significant at this time if the waves 
are large enough and TCHI values are low. H^ isZ/Vis values can be greater than 0.54 because of 
small (< 10 cm) surface ripples during slack flow conditions (often when h > \ .0 m), but in this 
case a high W\*JU\^ type factor will not usually reflect erosion. Concentrations are generally 
closely related to shear stresses and local processes during these periods. 
However, maximum concentrations are typically found during this shallow water flood 
phase, and the concentrations often show a strong inverse relationship with depth, particulariy if 
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wave driven erosion occurs. The concentrations at this time will be greatest within about 50 cm 
of the bed and will generally range from 0.100 to 10 gL"', depending upon flow conditions and 
the strength of the surface sediment. Very' high concentrations (> 5 gL'') can be found in the 
leading water's edge while h < 0.20 m. The concentration depth relationship necessarily arises 
because the shear stresses invariably decrease with the rising water, (reaching a minimum at slack 
water, around high tide). During large wave dominated conditions > 0.25 m). erosion 
usually produces a well mixed suspension. 
From the data obtained in this study the following three modes of erosion were 
described. 
i) For wave dominated conditions, following a 12 to 24 hour period of stormy 
conditions with large {H, > 25 cm) waves, concentration at 30 cm above the bed may be 
expressed by: 
Concentration = 0.774 ru + O.I50 R^  = 0.606 (7.1.1) 
ii) For wave dominated conditions (A/s ^ 15 cm), following a period of calm 
weather and deposition two slightly different relationsliips are proposed. Concentrations within 
10 cm of the bed may be described by: 
Concentration = 3.435 + 0.252 = 0.847 (7.1.4) 
Hi) For current dominated conditions across a gently sloping niudflat (i.e. slope 
angle < 0, )*', exposed mudflat width > 3 km. and tidal range > 5 m) concentrations within 15 cm 
of the bed can be defined as: 
Concentration (gL'') = i .908 ^ / - f 0.193 = 0.730 (7.2.1) 
Large scale erosion ain thus occur during the first covering of the mudflat by the 
returning tidal water. The resulting high concentrations can be carried in suspension throughout 
the estuary, and can contribute significantly to the sediment transport budget. 
7.4.4 Deep water conditions (// > 1.0 m) 
Fligh concentrations are largely due to local erosion when bed shear stresses exceed Van. 
But concentration variations can also result from advective processes, which are able to move 
suspended sediment across the mudflat. It is believed, as depth increases, newly entrained 
sediment may settle (i.e when < the critical shear for deposition, r j) and form near bed layers 
(typically > 2.0 gL"') of a few centimetres thickness. 
For high concentrations in deep water, the vertical suspended sediment profile can often 
be divided into two regions. The upper layer is largely independent of processes at the bed and 
reflects background concentrations, whilst the lower layer is more closely related to changes in 
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shear stresses. There is an upper sliear stress ai which the lower layer reaches maximum 
thickness. If this shear stress is exceeded the lower layer will be entrained throughout the water 
column. Otherwise, the suspension will tend to settle onto the bed, panicularly over high water. 
The extent of any stratification is dependent on the How conditions (especially wave climate) and 
erosion of surface sediment. Distinct layers or near bed conceniraiion gradients are not 
considered to be universal features. 
Concentrations are generally lower around high water, and deposition and advective 
processes become significant. Shear stresses are at a minimum in deep water. Large waves may 
prevent deposition, but do not usually cause mudllat erosion in water over 2 m deep. Advective 
processes can move high concentrations across the mudflat from deeper water. These 
concentrations are often related to turbidity maxima type features, or the resuspension (by the 
stronger deep water tidal flows) of settled fluid mud layers Rirther oftshore. The advective 
processes cease at slack water, and settling of the high concentrations can produce fresh deposits 
across the mudflat, particularly during calm conditions. These deposits can gain strength 
through dewatering and consolidation, and resist resuspension when flow conditions change. 
During the ebb, bed shear stresses increase (because h decreases), and any near bed layers or 
new deposits may be (re)entrained into the flow. 
7.4.5 Exposure by ebb tide (// < 1.0 m) 
Concentrations in the shallow water generally rise at this time. Increases in shear stresses 
and the falling water level mean thai weak bed layers or near bed suspensions are fi-equently 
remixed up into the water column. However, concentrations are often not directly related to 
flow conditions during this ebb period, with periods of low flow coinciding with high 
concentration, and other advective type processes can also be important. This ebb period 
invariably produces high concentrations which are moved offshore by the retreating water. 
Concentrations inay be particularly large in any cross-shore bed forms which serve to drain the 
retreating water. 
7.4.6 Bed level changes 
The accretion or erosion of a mudflat is governed by the residual effects of both the shott 
and the long term physical processes (as described in sections 7.4.6.b and 7.4.6.c below). The 
local hydrodynamics form the fundamental physical control upon the development of the 
intertidal zone. Mean flow distortions can produce asymmetry in both the tidal forcing and the 
bed shear stresses. 
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7.4.6.a Set/intent fJiLx data. 
The measured sediment fluxes obtained from the mudflats at Woodhill Bay and Skeflfling 
showed some interesting trends The net VVoodhill Bay fluxes (in section 5.5) indicated there 
was an overall offshore sediment movement during the stormy period, some onshore sediment 
transport and accretion of material over the upper mudflat under calmer conditions, followed by 
some weak offshore movement of sediment at the end of the study as the waves and shear 
stresses increased. These results fit the simple theory' thai stormy conditions cause mudflai 
erosion and caliTi conditions produce sediment deposition. However, the Skeffling fluxes do not 
fit this concept because there was a nel oft^ shore sediment flux (see section 6.6). and this requires 
some other explanation. The Skeflling fluxes, as measured, implied that erosion of the mudflat 
occurred during the calm, current dominated conditions. If these measurements were typical, 
some other process (or processes) must have been responsible for the historical (and presumably 
present) accretion of the mudflats at Skeflling. 
At Skeftling the net sediment transport is the result of asymmetr>' of the mean (i.e. tidal) 
flow, and hence the net transport direction is determined by the particle settling velocity, the 
height of the suspended panicles and the time scale of tidal flow reversal (Aubrey, 1985). These 
three factors can produce a net sediment transport that is either in the same, or opposite, sense as 
the mean flow. The overall sediment movement depends upon the relative advection distances 
of the initial and reverse tidal flows. A possible explanation, that accounts for the historical 
accretion of the Skeftling mudflat and the obseived SkeHling fluxes, is provided by this residual 
sediment movement. The lime interval in which suspended sediment can settle and deposit 
around slack water may be difterent for the spring and neap tidal cycles. Increased flocculation 
of high concentration suspensions can make settling and scour lag processes particularly 
important around the high water period (Pejaip, 1988). One effect of the settling lag process is 
that suspended floes can begin to settle while still moving landwards and so produce a much 
higher flux to the bed than if settling only occurred at slack water (Kirby and Parker, 1983). 
Krone (1972) describes the scour lag process where bottom sediment deposited ft-om a 
flocculated suspension, under low shear stresses, was eroded at higher value shear stresses than 
those prevailing during deposition. Both the above factors can have a strong influence upon the 
net sediment transport and the overall development of a mudflat. Improved understanding of the 
reasons for the mudflat accretion at Skeftling would be obtained fi-om long term investigation of 
sediment fluxes that cover both the neap and spring tidal cycles, and includes seasonal effects. 
The Skeffling flux data in section 6.6 were obtained during intermediate tidal conditions and may 
not be completely representative of either the neap or spring cycles. Pejrup (1988) points out the 
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errors in these types of transport estimates for a single tide are often as large as the net long term 
transport rates. Another complicating factor is that a major part of any sediment accumulated 
over several tidal cycles may be rapidly eroded and moved offshore by episodic storms. 
It is thus difficult to comment upon the long term mudflai behaviour at either study site 
from the short period data sets. However, some comments are made below, in the context of 
the conceptual model, which highlight some of the general trends observed within the data. 
7.4.6.b Short ferm processes 
Erosion and deposition move sediment both to and from the sea bed, and throughout the 
water column. When local processes are significant, there are strong relationships between 
concentration and bed shear stress, particularly during wave dominated conditions. Bed level 
changes at these times can be large when compared to seasonal variations. Under current 
dominated conditions, changes in the bed are predominantly due to spatial variations in 
concentration, which usually result from adveciive processes. These processes move high 
concentrations across the mudflat, and significant deposition can occur during slack water. Any 
resulting deposits can either consolidate and strengthen, or be resuspended. 
The shallow water periods (// < 1.0 m) are ver>' important in controlling the net response 
of the mudflat to forcing factors. Variations in flow conditions at these times are crucial in 
detennining the balance between erosion and deposition. When initially exposed, the surface 
characteristics of the bed reflect the shallow water processes during uncovering. 
7.4.6.C Sciiso/uii variations 
Longer tenn, seasonal changes in bed level are controlled by the balance between 
sediment accretion and erosion. Deposition and consolidation of high concentrations can form 
fresh deposits of sediment which remain during subsequent tides. This process seems 
particularly important during spring tide conditions. The increased flow speeds provide more 
intense mixing offshore, which generates high concentrations within the estuary. Advective 
processes (over a range of spatial scales) can move this sediment across the mudflat, and 
deposition occurs during calmer periods. Under appropriate conditions, the new deposits 
consolidate and become resistant to erosion by subsequent tidal activity. However, waves play a 
significant role in the break up and reinoval of such deposits. Short tenn erosional events are 
largely balanced by the lower frequency (tidal) accretion of sediment. It is this balance that 
produces the annual variations in bed level. 
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7.4.6.ci (icncral ctnntncnts 
Daily, tidal variations in bed level often exceed seasonal variations, particulariy during 
episodic events such as storms. Morphological mudflat models need to include the local and 
advective processes, accounting for an appropriate range of limescales. Erosion processes are 
by nature localised, while deposits of sediment can result Irom local or advective effects. 
Biological processes play an important role in morphological characteristics, and can be 
fijndamental in determining the bed shear strength. Other environmental factors, such as 
meteorology and the liming of exposure, also have significant influence on bed level change. 
A tentative relationship is proposed from this study connecting tidal phase to bed level 
changes. Such that, for similar environmental conditions, erosion will tend to dominate during 
neap tides, whilst advective processes are most likely to produce deposition during spring tides. 
7.4.7 Summary 
The conceptual model highlights some of the relationships between the physical factors, 
which govern the morpholog>' of an estuarine niudflai. The shallow water periods at the 
beginning and end of tidal coverage are extremely important in determining the surface character 
of the mudflat, and any erosion is most marked at these times. Expressions have been derived 
which provide estimates of general suspended sediment concentrations, by relating the 
concentration to easily measured or calculated flow parameters. These relationships have 
identified conditions of erosion or deposition across two tmidflats, and are considered to provide 
first order approximations for concentrations and transport conditions at similar North European 
sites. However, hysteresis, feedback, non-linear and interlinked relationships, all contribute to an 
inherently complex situation, which is best quantified by more detailed, site specific 
parameterisations. 
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Chapter 8: 
Conclusions 
Technical, theoretical and experimental approaches were followed in order to describe 
mudflat erosion ft'om in-siln measurements of velocity and concentration across estuarine 
mudflats. Concluding remarks relating to these findings are summarised below. 
8.1 Equipment 
i) Instruments have been produced which record velocity and concentration profiles in 
shallow water {h < 1.0 m). The equipment package was called POST (Profiles Of Sediment 
Transport) and was particulariy designed for near-bed measurements over estuarine mudflats. 
POST can be deployed by two people fi-om either a vessel or the shore. Data was recorded in 
real time at 18 Hz. Additional data could be recorded fi-om other instrumentation, such as CTD 
and PT sensors. 
ii) New miniaturised sensors were developed in order to measure near bed velocity and 
concentration profiles. 
Valeport Ltd. produced a 2 cm diameter, discus shaped, electromagnetic flowmeter. 
The sensor had a linear response to flow speeds of at least 1.0 ms*', and this response was 
unaltered by suspended concentrations of sediment up to at least 15 gL"'. The overall accuracy 
was about ± 3% and the sensor could make measurements to within 2 mm of the sea bed. 
Two types of optical turbidity probes were developed by the University of Plymouth, 
using a narrow band infra-red source and spectrally matched receiver {X = 960 nm). Optical 
backscatter sensors could measure mud concentrations from 0 to 50 gL*', with a resolution of at 
least 1%, depending upon calibration. OBS sensor response to low concentrations was linear, 
but above a certain value 20-25 g/L"' depending upon the optical properties of the measured 
suspension) showed an inverse exponential relationship. 
Turbidity probes, based on transmission principles, were constructed using fibre optic 
cable to guide the light from a LED to the sensor. These sensors were unsuitable for field use 
because of calibration and noise problems resulting from the fibre optic link. 
Ui) Accurate measurements were only obtained when the sensors were regularly 
serviced and cleaned. In particular, the current meter oflTsets needed to be checked, and the 
turbidity sensors correctly calibrated. 
8.2 Sensor limitations 
i) All the sensors produce spurious data when fouled or intermittently covered by water. 
Refining the sensors could remove these effects and allow swash zone measurements. 
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ii) EMCM offset errors caused uncertainty in some of the burst mean results. These 
effects were minimised by regular ///-.v/7// checks. Offset changes could occur both during 
sampling and when switching the system on or oft' Drying out effects were minimised where 
possible, by covering the sensor heads with damp tissue paper. 
Hi) Accurate concentration measurements depended upon representative calibrations. 
Changes in the suspended sediment population occur continuously in the natural environment 
and produce diflPerenl sensor responses. Such changes are able to alter the size, shape, density 
and colour of a floe. Frequent and replicate calibrations, together with gravimetric analysis of 
water samples are needed to produce accurate algorithms. These liinitations are common to all 
optical turbidity measurements. 
8.3 Field measurements 
i) POST was successfijily deployed at a number of field sites following final production 
early in 1994. /n-.sim data was obtained from mudflats at Portishead and Skeffling, and forms 
the basis of the conceptual model described in section 7.4. 
ii) Eight sets of tiine series were obtained during coverage of the mudflat at Portishead, 
in June 1994. Similar data were sampled from seven periods at Skeftling, during April 1995. 
Three "tides" fi'om each of the Ponishead and Skeftling sites were analysed in detail to identify 
the fundamental processes responsible for local mudflat erosion. 
Hi) POST has since been deployed in the Ems Dollard estuary during the INTRMUD 
programme (May, 1996), and at Minehead Bay as part of a tidal current survey for L. G. 
Mouchel and Partners Ltd., Consulting Engineers (July, 1996). The original instrumentation 
continued to perform extremely well and the additional data is currently being analysed. 
8.4 Portishead June 1994 
i) The flow conditions that caused erosion were largely wave dominated. 
ii) Calculated mean values for the maximum bed shear stress due to the combined 
effects of waves and currents were 3 .547 Nm'^ (under wave dominated conditions), and 0.326 
Nm'^ (under current dominated conditions). 
Hi) A mean value of 0.127 Nm*^  was considered to be representative of TCHC throughout 
the study period. 
iv) Predictive relationships were found between concentration and both the bed shear 
stress and the factor HJh. There was some correlation between wind speed and wave height. 
All these expressions are summarised in section 7.1.7. 
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v) Background concentrations were greatest during spring tides. Increased mixing was 
able to resuspend fluid muds oH'shore, and the resulting high concentrations were advected 
across the mudflats. 
vi) The processes of erosion and deposition at Portishead were primarily governed by 
the wave climate and surface sediment characteristics. Deposition was prevented by waves 
generated by a westerly wind. Substantial centimetre thick sediment deposits fonned during 
calm periods with light easteriy wind, particulariy when concentrations were high. Tidal currents 
alone were insufticieni to prevent deposition around high water. 
vii) Large increases in bed level due to accretion were measured following calm, spring 
tide conditions. Longer duration lime series would clarify the relationship between the surface 
elevation variations and the tidal phase. 
8.5 Skeffling April 1995 
i) Flow conditions and the bed shear stresses were dominated by the mean tidal currents. 
it) Erosion of the mudflat occurred during early coverage by the flood waters, when 
depths < 1.0 m and peak values of r«t exceeded 1.0 Nm"^  at this time. 
Hi) A mean estimate for r^n was calculated as 0.31 Nm"''. 
iv) Predictive relationships were obtained between concentration and depth for all of the 
Skeffling data. There was sojne general agreement between these expressions, despite 
differences due to sampling location and background concentration variations 
v) Strong relationships were also obtained between concentration and each of the 
parameters U, and r^ ,^  during flood conditions. Similar expressions were not found for ebb 
conditions. 
vi) The clearest relationships were obtained under shallow water conditions. These 
results are summarised by section 7.2.3. 
vii) An expression relating near bed (i.e. within 10 cm) concentration (in gL"') across the 
upper half of the mudflat to velocity (in ms') was simply: 
Concentration (gL ' ) = 1.908 f/+0.103 R^ = 0.730 
This expression is best applied to current dominated flood tide conditions, when depth < 1.0 m. 
ix) Erosion and deposition were driven by the tidal flows and the associated changes 
with depth. Significant wave activity was not recorded, but storni events would certainly 
produce erosion. 
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8.6 Conceptual model of muilflat dynamics 
i) The generalised conceptual model (in section 7.4) highlights the dominant 
relationships between the physical factors controlling the shallow water erosion response of a 
mudflat. The model only provides a first order description as hysteresis, feedback, non-linear 
and interiinked relationships all contribute to an inherently complex situation. 
ii) Results from this study have begun to identify the wave and current conditions which 
cause sediment movement across intertidal mudflats. Ignoring biological and chemical variables 
(which can have fijndamenial control of the erosion process), it is suggested thai for typical 
temperate environmental conditions, some form of esluarine mudflat erosion is likely when h < 
1.0 m, the significant wave height (//,) is greater than 0.25 m, and (or) the mean velocities 
exceed 0.2 ms**. 
Hi) Even small waves can be cmcial to erosion because of their large contribution to the 
bed shear stresses in shallow water. 
iv) Advective processes are able to transport large volumes of sediment in suspension, 
particulariy around high water. This transport of sediment to and from the mudflai can be 
fijndamental to the overall sediment budget in the estuary. 
8.7 Future work 
8.7.1 Equipment 
i) The sensors could be modified to reduce noise during wetting and thus allow more 
detailed investigation of the swash zone. 
ii) Accurate measurements currently require regular in-situ servicing and calibration. 
Investigations are being carried out regarding the feasibility of modifying the POST system to 
produce a self contained system, without power and data cables, that can be deployed in the field 
for several tidal cycles. 
Hi) An acoustic bed level sensor and CTD velocity instrument will both be deployed 
continuously throughout 1997 at the Skeftling site, as part of the INTRMIJD national fieldwork 
programme. This work will provide a clearer understanding of the longer temi relationships 
between concentration, tidal phase, episodic events such as storms, and periods of calm weather 
that control the overall development of a mudflat. 
iv) High frequency ( > 5 Hz) pressure transducer data would provide a better 
characterisation of the wave field. 
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8.7.2 Field measurements 
i) A Reynolds Stress approach would remove the existing dependence of calculated 
shear stresses on velocity profiles, and the associated problems with EMCM offsets. (However, 
errors in the vertical EMCM orientation can be equally troublesome for shear stress 
calculations). 
ii) Field measurements at other esiuarine sites would provide useful comparisons with 
existing results and would strengthen many of the relationships obtained by this study, 
particularly between the wind and the waves, the concentration and bed shear stress in shallow 
water, and the tidal phase and bed level change. 
Hi) Spatial differences and advective processes could be examined by deploying arrays 
of instrumentation across the imer-iidal zone. 
iv) Ancillary' measurements wotild provide a clearer understanding of some of the 
secondary effects of meteorology and tidal phase upon morphology. Complementary 
measurements are needed to quantify the important biological and chemical parameters that 
influence mudflat erosion. 
v) Representative environmental conditions must be measured in order to 
comprehensively describe long tenn behaviour. A usefijl addition to the Skeftling data set would 
be measurements during stomiy conditions. 
vi) Changes in physical, biological and chemical properties of the bed need to be related 
to Taii 
vii) POST could be used to examine the in-sita eftects of turbulence damping by near 
bed suspensions. 
viii) A large scale multi-disciplinary approach would address many of these points. 
Such work is currently being undertaken within the MAST 3 INTRMUD programine. 
8.7.3 Overall view 
The suggestions for the follow on work ft"om this study are all based around improving 
the field measurements and sampling methods. Parker (1994) noted that hi-sim measurements 
remain desirable for practical cohesive sediment research and improvements are still required in 
the erosion measurements. Such work will help describe both new and existing study sites, and 
by contributing to present knowledge, will identify the interdependent process relationships, and 
so provide quantifications that can be incorporated into mathematical models. 
Intertidal mudflats are recognised as being valuable ecological sites, able to support a 
productive and diverse biological community, that includes bird populations and coastal fisheries. 
There is litfle experience in the management of these sites and there is not a good understanding 
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of the dominant processes needed to be considered in any management strategy (Dyer. 1995). 
Improvements to the existing data bases will allow a niudflai classification scheme to be devised, 
and produce a better characterisation of cohesive sediment: and so greatly assist with 
environmental management. This knowledge will need to be supported by reliable process 
models in order to successftilly maintain the estuarine ecosystems. 
An ultimate, ambitious goal is the development of an integrated, esiuarine sediment 
transport management model. It is unrealistic to expect that this will be achieved in the near 
fijture, and is probably not feasible on a global basis. However, successfi.il management of 
estuarine environments depends upon prediction and thus requires models of the driving 
processes and behaviour within an esiuarine system (and these models must include sediment 
transport considerations). More immediate work also needs to focus upon the regulation of the 
physical parameters by biological or biochemical controls. 
It is important to bear in mind that existing process hierarchies may not really give the 
whole picture. This is because the studies that produced such classifications are invariably of 
much shorter duration than many of the other long term forcing factors, including the biological 
mechanisms, sea level rise and the insidious impact of man. Parker (1994) points out that 
physically dominated mechanisms in estuaries are often influenced on longer periods by other 
forces, and an overall description of a system thus appears to be profoundly effected by the 
length of the data set. However, the relatively short tenn in-sitii measurements described in this 
thesis show that the periods at the beginning and end of tidal immersion play an important role in 
the behaviour of a mudflat, and that shallow water erosion processes need to be considered for a 
complete description of the estuarine environment. 
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List of Symbols 
a = wave amplitude. 
A = semi-orbital excursion. 
Cw = phase velocity. 
C = concentration. 
Cb = near bed concentration. 
Cd = drag coefficient. 
Dio = the median grain diameter. 
E = erosion rate. 
/ = wave frequency. 
/ w = wave friction factor. 
g = acceleration due to gravity (^ = 9.81 ms'^ ). 
h = depth. 
H = wave height. 
//g = significant wave height (a RMS value). 
k = wave number {k ~ ITT/L). 
ks = equivalent roughness. 
K = von Karman*s constant (0.4). 
Ks = shoaling coefficient. 
L = wavelength. 
Mc = erosion rate constant. 
// = integer. 
p = fluid pressure. 
r = relative roughness. 
Hi = rate of deposition. 
Rew = wave Reynolds number. 
/ = time. 
/'= wave period. 
//, V = horizontal water particle velocity. 
//b= amplitude of near bed oscillatory flow. 
//. = friction velocity. 
w = vertical water particle velocity. 
= settling velocity. 
PVsQ = median settling velocity. 
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X = horizontal coordinate. 
z = vertical coordinate (z = 0 at still water level). 
zo = the bed roughness. 
/?= mudflat slope (degrees). 
S= boundary layer thickness (with an appropriate subscript). 
= the free surface of the air water interface. 
;r=3.l4. 
p = density. 
Tb = bed shear stress. 
= the bed shear stress due to mean current alone. 
Tirit = the critical shear stress for erosion. 
Td = the critical shear stress for deposition. 
Tw = the bed shear stress due to waves alone. 
Tur = the mean bed shear stress due to waves and currents. 
^«tma.x = the maximum bed shear stress due to waves and currents. 
0) = — = angular frequency. 
= a deep water value. 
{ = value at a height centimetres above the sea bed. 
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